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ABSTRACT
The influence of diet and feed restriction on kidney function was
studied in aging male albino rats .

Rats were fed either a commercial

feed (LB) or a modified human diet (MHD ) from weaning until sacrifice at
either 12 or 24 months of age .

Animals sacrificed at 12 months of age

were either restricted or fed LB ad libitum from 1 month of age until
sacrifice .

Animals fed

LB

and sacrificed at 24 months of age were re

stricted for one of the following intervals : A , no restriction; R,
restriction from 1 month to 24 months ; RA, restriction from 1 month to
12 months ;

AR,

restriction from 12 to 24 months .

Animals eating MHD

were either restricted or ad libitum- fed from 1 month to 24 months of ,
age .

Restriction was accomplished by making feed available for only 15

out of each 48 hours and resulted in terminal body weights of group R
which were 6&/o as great as those of group A .
groups

AR

Terminal body weights o f

and RA were 84 and 87%, respectively, those of group A.

Calculated growth rate ( k ) based on first year data was slower
for animals fed a restricted level of
libitum.

LB

as compared to those fed ad

However, there was no difference in growth rates of restricted

and ad libitum- fed animals eating

MHID,

and the rate for these animals

was not different from that for rats eating a restricted level of LB.
Biochemical parameters considered to be measures of kidney func
tion and used in this study included tests for urinar,y protein, creatinine
and osmolarity, blood urea nitrogen (BUN) and serum creatinine , in vitro
transport of paraamino hippuric acid ( PAH ) by kidney slices and sodium
potassium-activated-adenosine triphosphatase ( Na-K-ATPase ) activity of
kidney microsomes .

Kidneys were also examined microscopically for
iv

v
lesions which might be expected to impair kidney function.
Results showed an absence of kidney lesions in animals restricted
from

1

month of age, and only

1

rat ( B%) in the group fed ad libitum to

12 months before restriction was begun (AR) showed evidence of infl�
tion, and this was only moderate.

In

contrast, 50% of rats fed MHD ad

libitum and 67% of those similarly fed LB had moderate to severe lesions
by the time they were sacrificed at 24 months.

The magnitude of pro

teinuria was positively correlated with lesion scores for ad libitum
fed rats.
Urine volume increased with age only for ad libitum-fed rats
eating MHD but tended to do so for those similarly fed LB.

Urinaey

creatinine/body weight ratio was higher for groups eating MHD than for
those eating LB.

Urinaey creatinine/body weight ratio decreased more

between 15 and

months of age for rats fed ad libitum throughout the

21

study and for those of group RA than for animals ��stricted throughout
or those of group AR.

Urinaey protein increased much more with age of

ad libitum-fed than of restricted {at any time) animals eating either
diet .

Urine osmolarity was complicated by influence of feeding pattern

as well as by kidney performance.
Serum creatinine and BUN levels were influenced more by type of
diet than by feeding patterns with the for.mer parameter being higher
for animals eating MHD than for those eating LB , and the latter, lower.
There was a tendency toward higher BUN levels for ad libitum-fed than
for restricted rats eating

LB.

Total PAH transport was higher _by kidney slices from young than
from old rats, by restricted {at any time) than by ad libitum-fed ones

vi
and by those fed MHD than by those similarly fed LB.
cies t oward dec reasing activity of Na-K-ATPase

( as

There were tenden

percent of t otal ATPase )

with age and t oward lower activity by microsome s from kidneys of rat s
eating MHO than by tho se eating LB.

There was a slight tendency toward

higher act ivity by restricted than ad libitum-fed animals o f the same age
eating LB.

In general ,

feed restriction during either the first , the second

or both years of the life of a rat was bene fi cial in delaying age
associated changes in kidney function as measured by PAH transport ,
proteinuria and kidney le sions .

BUN leve ls and s erum and urinary

creatinine levels tended to be influenced favorably by re striction.
Most parameters were modified by diet as well as by restriction with
kidney performanc e being generally improved in animals eating MHD as
compared with thos e comparably fed LB.

Di fference s in kidney function

among treatment groups may have been related to growth rate s as well as

/

intake s of calories and or protein.
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CHA.PrER I
INTRO:QUCTION
Feed restriction has long been recognized as beneficial in extend
ing the life spans of various species , including rats and mice , but little
is known about what effects the restriction has on the actual physiologi
cal processes of aging.
The present investigation attempted to define the effects of feed
restriction and diet on the kidney function of aging rats.

Earlier stud

ies have shown that in vitro transport by kidneys of old rats is not as
efficient as is that by kidneys from young adult animals.

Rats show an

increase in the number of severe renal lesions associated with chronic
nephrosis and glomerulonephritis with age , and feed restriction has been
reported to delay the onset of these lesions.

The basis of the present

study was the belief that feed restriction should also be beneficial
in· slowing down the biochemical changes which indicate a decreased
renal function of old rats.
It was hypothesized that restriction of feed intake beginning
after weaning and continuing until rats were sacrificed at 2 years of age
would result in improved renal function of :such rats as compared with
kidneys from ad libitum-fed rats of the same age.

It was further

bypothesized that it would not be necessar,y to restrict continuously
but that similar improvement could be observed if rats were restricted
from weaning to 1 year of age and that some improvement would occur even
if restriction of feed intake were not begun until animals were 1 year
of age if continued until sacrifice.
1

The study was extended to propose

2
that restriction of a nutritionally adequate diet composed of foods humans
nor.mally eat would lead to changes similar to those observed when animals
were given a restricted level of a commercial rat feed.
Biochemical parameters considered to be measures of kidney func
tion and performed on urine , blood and kidneys of animals in the study in
cluded the following:

urinar.y protein, creatinine and osmolarity; blood

urea nitrogen and serum creatinine; in vitro transport of paraamino
hippuric acid (PAH) by kidney slices; and sodium-potassium-activated
adenosine triphosphatase activity of kidney microsomes .

Kidneys were

also examined microscopically for lesions which might be expected to
impair kidney function.
An

increase in urinar.y protein denotes a decrease in the ability

of the kidney to prevent the loss of macromolecules from the bo dy.

A

decrease in creatinine excretion indicates an inability of the kidneys
to adequately clear creatinine from the blood and might be expected to
be accompanied by an increase in serum creatinine .

A rise in blood urea

nitrogen is another indication of decreased renal clearance of waste
products from the blood while measurement of urine osmolarity is
dication of renal concentrating ability.

an

in

PAH tr.ansport by kidney slices

is an in vitro measure of the ability of the kidney to do osmotic work.
The activity of sodium-potassium-activated adenosine triphosphatase is
believed to be related to the utilization of energy from ATP necessar.y
for active transport .
In

accordance with the stated hypothesis it was anticipated that

blood urea nitrogen, serum creatinine and urinar.y protein would be lower
in restricted animals than in ad libitum-fed animals of the same age

3
while urinary creatinine, osmolarity of urine, and transport of PAH by
kidney slices, as well as the activity of renal sodium-potassium
activated adenosine triphosphatase would be higher.

CHA.PrER II
REVIEW

I.

FEED

OF

LITERATURE

RESTRICTION AND ITS EFFECTS ON GROWTH,
HEALTH AND LONGEVITY

As early as 1935 , McCay and coworkers (1) demonstrated an increase
in life span when rats were fed from weaning a diet adequate except for
calories .

In these studies , extreme underfeeding which allowed for

stairstep growth of only 10 g ever,y 2 to 3 months was used.

In 1941 ,

McCay et al . (2) reported that , of various dietar,y and exercise regimes
introduced in middle life , those which were most beneficial to length of
life were the ones which kept rats underweight by restriction of calories .
Carlson and Hoelzel (3) , in work with intermittently fasted rats
reported that extension of life span was practically proportional to the
level of fasting.
1 day in 4.

Their animals were fasted 1 day in 2 , 1 day in 3 or

They suggested that the optimum level of fasting might be

1 day in 3 since this caused 2C1'/o increase in life span of males and 15%
in that of females without causing severe growth depression.

Even in

rats fasted 1 day in 2 , although body weights were about 25% below those
of controls , femoral lengths were not adversely affected.
Lane and Dickie {4) studied effects of feed restriction on gent.t ·i
cally obese mice and compared them to both ad libitum-fed genetically
obese mice and to ad libitum-fed non-obese mice .

The degree of feed

restriction was sufficient to keep the genetically obese mice the same
weight as the non-obese controls.

Of the 3 groups , life span was greatest
4

5
for the restricted animals.

None of the ad libitum-fed obese mice lived

beyond 667 days while 81% of the restricted and 6q% of the non-obese mice
lived beyond 730 days.

These results show that a lower body weight was

accompanied by an increase in life span with the longest life span being
attained by limiting the intake of animals whose genetic make-up would
have caused them to overeat instinctively if allowed feed ad libitum.
Widdowson and various coworkers (5,6,7) investigated the idea
that accelerated growth might be undesirable, their interest in this
having arisen from the fact tha.t children seem to be growing faster and
maturing earlier than did children in for.mer years.

Comparisons were

made between rats which had been suckled in litters of 3 and those which
had been suckled in litters of 15 to 20. After weaning at the age of 3
weeks, all animals were fed a stock diet ad libitum.

In

studies of rate

of development (5) , it was found that some characteristics, such as tooth
eruption and eye opening, were age - rather than weight-related while
others, such as sexual development, were related more ·to size than to
age.

Skeletal development (6) was not accelerated to the same extent

in all bones of the fast-growing animals.

Mean life span (7) of the

slow-growing females living beyond 1 year was significantly greater than
t�t of their fast-growing counterparts (119 weeks compared to 103 weeks ) ,
but there was no sigirlficant difference in life spans of males with
different growth rates.

Incidences of tumors, kidney disease and of

enlarged hearts were more common in fast-growing animals .

Still, the

authors summarized their re�ul ts as showing accelerated growth to be
beneficial since more slow- than fast�growing animals died during the
first year of life.

It should be remembered, however, that in this study

6
restriction occurred during the period between birth and weaning while in
other studies previously cited restriction was not begun until after wean
ing.
Roeder and Chow {8) recently reviewed the effects of undernutri
tion at an even earlier stage--maternal undernutrition as it affect,s the
offspring.

They considered undernutrition both in the form of reduction

of total dietar.y intake and protein deprivation caused by either decreased
quantity or decreased quality of the protein.
According to these authors {8) the first obvious result of maternal
undernutrition, particularly when continued throughout both gestation and
lactation, was an extremely high mortality rate of the young during post
natal life.

The surviving progeny of such undernourished mothers had a

poor weight gain and feed efficiency auggesting inadequate digestion,
absorption and/or utilization of nutrients, and reduced learning ability
with seemingly per.manent effects on brain function. Various character
istics of the offspring of underfed rats indicated retarded development,
a phenomenon which has been considered to be related to a slowdown of
the aging process.

However, according to Roeder and Chow (8) there is

no evidence to support the idea that perinatal undernutrition,

even

when

followed by ad libitum feeding throughout postweaning life, can be re
lated to increased longevity.

In

fact, a later report by Roeder (9)

pointed out that the rate of aging may actually be accelerated as a
result of maternal restriction during gestation and lactation.

For

example, by middle age {19 months ) increased catheptic activities of
.
hepatic and renal tissues, biochemical alterations which accompany
senescence in rats, were observed in perinatally undernourished rats.

7
Also , an accelerated rate of development of albuminuria was found in
perinatally undernourished animals .
From the preceding discussion , it readily becomes apparent that
the time at which feed restriction is initiated is vitally important
since undernutrition in the ver,y early developmental stage s has peen
shown to be quite detrimental to the organism while restriction later
in life may well be beneficial to health and longevity.
vestigators , including Radhakrishnan

( 10 ) ,

Nolen

( 11 )

Various in

and Ross

( 12 ) ,

have studied the e ffects of var,ying levels of restriction begun at
varying times after weaning and sometimes followed by periods of reple
tion.
The work of Radhakrishnan

( 10 )

involved protein depletion and

repletion rather than total calorie re striction.

Restriction was

accomplished by feeding rat s .a protein- free diet for a 4-week period
beginning either the fourth, the twelfth, the sixteenth or the twentieth
week of li fe .

One group of rats was subj ected to 2 periods of depletion

which occurred in weeks 4 to

8

and 12 to 16.

( The

author compared the

4 week period o f pro� ein deprivation in the rat s to a period of slightly
over

3

years in the human. population.

)

Protein deple tion begun either

the fourth or the twelfth week of life resulted in small bo� size o f
16-week-old male rat s , and the double depletion caused a reduction in
size , including both body weights and measurement s , in both male and
female rats .

The latter tre�tment also resulted in impaired reproduc

tive performance of female s , as measured by ability to produce young
and birth weight s of progeny.

Protein depletion at the later periods

of life caused temporar,y growth retardation which was reverse� by sub
sequent adequate feeding.

8
Nolen's (11) experiment involved total dietary restriction after
weaning and included rats in 7 different dietary groups.

These. groups

included ad libitum-fed controls, animals fed either 80% or 60% of the
ad libitum level throughout life, animals fed ad libitum for 12 weeks
and then restricted to either 80% or 6\Pfo of the ad libitum level and
animals restricted to either 80% or 6\Pfo for 12 weeks after which they

were fed ad libitum. All treatments except the last 2 produced a de
creased body size and mortality in both males and females as compared
to controls with the greatest reduction of both body size and mortality
being found in the 6\Pfo gxoups.

Rats restricted early in life and then

fed ad libitum had mortality patterns similar to controls but had higher
levels of liver and body fat and smaller vital organs than controls.
Nolen (11) suggested that the regimen of 80% restriction throughout
life might be the most desirable since it resulted in twice as many
survivors at 2 years of age without significantly changing the charac
teristics of the animals.
Ross (12) used a more severe restriction having groups fed either
ad libitum, 6 g, 8 g, or 10 g per day.
weaning or at 70, 300 or 365 days.

Restriction was begun either at

Animals

restricted in later life were

fed at the levels of 6, 8 or 10 g per day while all animals restricted
from weaning were fed only 6 g per day.· One group of animals was
switched from restricted to ad libitum feeding at 70 days of

age .

In

take of 6 g per day increased the life expectancy of young growing rats,
but restricting mature rats to this extent produced a substantial decrease
in length of life.

Increasing food allotments to 8 g did increase life

expectancy of the mature rats with a further increase of food to 10 g

9
giving even better results.

Feed restriction imposed only from 21 to 70

days of age or begun only at 70 days had some beneficial effects though
these were not as great as when restriction was begun early and continued
throughout life.

Ross suggested that the abrupt and persistent stress

of severe caloric restriction and rapid weight loss might account for
the poor results obtained when mature animals were restricted to an in
take of 6 g per day and proposed that a more gradual schedule of restric
tion resulting in a lengthened period of weight loss might be advantageous.
Other studies by Ross ( 13 , 14) evaluated longevity of rats fed diets
with 2 levels of protein and varying levels of carbohydrate and 1 level
of carbohydrate with varying levels of protein.

Fat , vitamin and mineral

content of these diets were identical , and all diets were fed on both a
restricted and a non-restricted basis .

In

general , restriction of diets

was beneficial to all length of life parameters.
oaloric diets had little effect.

Protein level of iso

Any of the diets which restricted ca

loric intake enhanced life expectancy, but restriction of both protein·
and carbohydrate with a simultaneous restriction of caloric intake had
the most pronounced effect , especially in later life.
Edington (15) compared the effects on longevity of exercise begun
at 120 , 300 , 450 and 600 days of life with those of feed restriction at
a

level which caused sedentary animals to maintain bo� weight within the

range of weights of the exercised rats.

The exercise was found to be

beneficial to the younger animals , those that sta� ed training before·400
days of age , but the exercised animals had a lower survival rate than
their sedentary controls when exercise was initiated at a later time .
This indicated the existence of a "Threshold Age" beyond which it is not

10
advantageous, at least in ter.ms of survival rate, to initiate an exercise
program.

It also seemed to show that body weight alone did not determine

longevity since exercised and feed-restricted animals had different survi
val patterns .

In another stu� of the effects of feed restriction and/or

exercise on growth and survival of rats, Yager et al . (16), too, found
that exercise could be detrimental in some circumstances and beneficial
in others, with age and bo� weight being critical factors.
Eerg (17) and Eerg and Simms (18) studied feed restriction in
relation to various parameters .

Levels of restriction were 33 and 46%

below ad libitum levels beginning after weaning.

Weight reductions were

due primarily to decreased body fat, and general health and fertility
were better in restricted than in unrestricted rats.

Onset of disease

was delayed and longevity was extended by the feed restriction (18).
Incidences of cardiac, renal and vascular lesions and tumors were :sig
nificantly lower in restricted than in unrestricted animals at 800 days
of

age .

Observations on rats up to 1200 days (19) showed that feed re

striction continued to be beneficial although with advancing age, inci
dence of disease increased in both restricted-and unrestricted animals.
:Barrows and Roeder (20, 21) and Barrows, Roeder and Fanestil (22)
studied the effects of 50% restriction of dietary intake on life span
and activities of various enzymes of rat tissue.

One of the few con

sistent findings was an elevated hepatic succinoxidase level with re
stricted·dietary intake.

Restriction of weanling animals caused an

increase in life span, but initiation of restriction at 12 months caused
a slight decrease in life span, a finding which agrees with that of Ross
(12).

According to Earrows and Roeder (21), it seemed unlikely that the

11
enzymatic changes they observed could be responsible for alterations in
li fe span since some of the same enzymatic change s were produced in both
groups .
Ha.lai
mately
trols

33.%
(403

(23)

found that AKR male mice restricted to an intake approxi

below the ad libitum. level had longer mean life spans than con
days compared to

336

days ) .

Biochemical parameters of re

stricted mice , including liver catheptic activity and percent o f acid
soluble collagen of the skin, re sembled values obtained for chronologi
cally younger ad libitum-fed animals .
Finch

(24)

recently reviewed the literature concerning enzyme

changes and gene function associated with aging in

mamma l s .

to his tabulations , few enzymes of the liver and kidney

( the

According
only organs

which have been studied extensively enough to allow valid comparisons )
show greater than a

25%

change during adult life , and

essentially unchanged throughout life .

80

to

9CJ'/o

remain

There is also a wide variety of

evidence that gene function remains generally unimpaired during aging.
However , changes in endocrine activitie s with age , changing extracellu
lar environment , may cause changes in cell activities,

Finch pointed

out the need for distinguishing between consequences of disease and con
sequences of aging, a task which is often complicated by pathological
changes which are known to be age related--as amyloido sis and glomerulone
phritis in kidneys of aging rats .

Histological examination o f tissue s

can be helpful in making this differentiation .
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KIDNEY FUNCTION

II.

IN

AGING HUMAN SUBJECTS

Much of the interest in kidney changes with age has stemmed from
early work by Davies and Shock (25) who studied kidney function in 70
male subjects ranging in age from 24-89 years .

In this group of subjects ,

it was found that glomerular filtration rate {as measured by inulin clear
ance) . of 80-90 year old men was only about half that of men in t he 20-30
year age group , and renal plasma flow {measured by diadrast clearance)
showed a similar relationship.

In a later paper, Shock (26) reported

thefollowing comparisons between kidneys of a 75 year old
of a 35 year old:

man

and those

number of glomeruli in the kidney, 56%; glomerular

filtration rate , 69%; and kidney plasma flow, 50%.

Shock suggested that

the decreased blood supply to the kidney might be an adaptation mechanism
permitting an increased flow to the brain.
Andrew ( 27 ) listed 3 main types of gross changes found in senile
human kidneys .

These included atrophy, capsular thickening and adhesion,

and surface irregularitie s , and were accompanied by glomerular, tubular,
vascular and interstitial changes of a histological nature .

Glomerular

changes ranged from congestion to fibrous or hyaline transformation.
tention and atrophy were the major tubular changes.

Dis

Vascular changes were

particularly found in the small arteries , and interstitial changes were
mainly sclerosis of connective tissue in the cortex.

However, Andrew

(27 ) cited several references questioning these generalizations and con
cluded by saying that human studies really leave us uncertain as to whether
any of the changes occur consistently enough to be designated definitely as
due to aging or whether so-called senile changes are always associated with
general arteriosclerosis in some sort of cause and effect relationship .
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Tauchi et al. (28) compared senile changes in kidneys of Caucasian
and Japanese male autopsy cases from 20-90 years of age.

Changes found

were toward decreased weight, decreased cell number and increased arterio
sclerotic changes, fibrosis and hyaline changes with age in both races,
but changes occurred at different rates in the 2 groups.

Contrary to

results concerning arteriosclerosis of the coronary arteries, the sclerotic
changes of the intrarenal arteries were more severe with advanced age in
the Japanese than in the Caucasian kidneys.

The authors hypothesized that

nutritional factors might play an important role in the race differences
which occur in the process of senile changes in the kidney.
Inoue and coworkers (29) looked at acid mucopolysaccharide levels
in 20 human kidneys from cadavers ranging in age from 1-84 years .
found

an

They

increase in acid mucopolysaccharides during the first 5 decades

and a decrease thereafter.

Cortical acid mucopolysaccharide levels were

much lower and did not appear to be age related.

The data from the renal

medulla suggested that connective tissue metabolism might undergo some
type of adaptive process with advancing age .
Lapides and Zierdt ( 30) questioned the generalization that renal
function of normal healthy people

decreased

with age since they

had

ob

served many elderly people with normal glomerular and tubular function.
To investigate the problem, they compared renal function of subjects
above 65 years of age with that of subjects below 65.

Their tests in

cluded glomerular filtration rate, derived from an inverse relationship
with serum creatinine levels, and tubular function rate, determined from
a 15-minute phenol-sulfonphthalein dye (PSP) excretion test. Their re
,
sults showed 31% of the over-65 patients demonstrated lOo% of both
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glomerular

and

Moderate impair.ment of glomerular fUnc

tubular function.

tion occurred about equally in subjects of the 2 age gxoups , but exten
sive damage was about twice as common in the older gxoup as in the younger.
However, of the 5 subjects over 90 years of age , 3 had perfect glomerular
and tubular function, and 4 had nor.mal glomerular function.

Lapides and

Zierdt (30) summarizedtheir results by saying that a higher incidence of
nor.mal renal function will be found in younger people than �n older ones ,
but they objected to the idea that renal function deteriorates with
senescence per se and independently of disease processes though decreased
renal function is notably associated with many diseases whose incidence
is known to increase with age .

This actually agrees fairly well with the

earlier work of Davies and Shock (25 ) which recognized a wide range of
individual differences including some nor.mal kidney funct ion in the oldest
groups of subjects but with a general trend toward a decline in function
with age .
Papper (31) recently

summa

rized the effects of age in reducing

renal function and discussed the clinical implications of these changes .
He discussed the decreased concentrating and diluting ability which occur
with age and the slowed reaction of the older kidney in adjusting to in
creased acid or alkaline loads .

He speculated that the aged kidney,

like the clinically diseased kidney, probably has a reduced number of
functioning nephrone rather t han most or all of the nephrone being defec�
tive .

A few of the clinical implications include the potential for ex

cessive water loss and subsequent dehydration with reduced fluid intake
or extrarenal los s , the necessi1;y for close monitoring of effects of a:ny
·therapy since renal adjustment to alkalo sis and acidosis are rather slow,
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and the need for careful attention to detail in any clinical situation
where body fluids may be altered.

III.

In

KIDNEY FUNCTION IN AGING RATS

a study of kidneys from young

days ) and senile

{868-1170

( 75-100

days ) , middle-aged

days ) rats , Andrew and Pruett

{32 )

(300

found senile

kidneys contained a colloid-like material which they assumed to be pre
cipi tat .e d plasma proteins.

Thi s material was found to occur anywhere

from Bowman ' s capsule to the larger co llecting tubule s.

Aberrant cells

were found in various segment s o f the nephron , and arterie s contained
deposits of lymphocytes , plasma cells and calcium salt s in the adventitia

( outer

coat of the arter,y ) .

Clear areas , probably caused by deposits of

fatty material , frequently occurred in the media of the arteries.

The

glomerular tufts of the senile animals were , on the average , considerably
larger than those of younger animals.

There was little fibrosis o f

glomeruli i n even senile animal s of the study.

Neither was arterioscle

rosis , o ften found in the senile human kidneys , observed to any great
extent in the rat s.
In a histochemical study of tissue from adolescent and sene scent

rats , Rosenquist and Ber.nick

(33)

glomerular basal laminae with age .

found a thickening of the tubular and
Changes in the basal laminae in

cluded a decrease in acid mucopolysaccharides and sialomucin and an in
crease in neutral mucosubstance s and collagen/reticular !iber ratio.

It

was sugg e sted that the observed changes might be a result of hypoxia which
might in turn be traceable to a decrease in blood supply.
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Lesions of chronic nephrosis and glomerulonephritis were included
by Simms and Berg (34)

in

a list of the 5 chronic diseases of greatest

importance in aging rats.

They found that about 95% of their rats had

moderate or severe renal lesions by 1100 days while at 205 days no animals
had severe lesions and only about 2.% had moderate ones.
Another study by Berg and Simms (18) compared the onset of lesions

( including chronic glomerulonephritis ) in rats fed ad libitum and others
restricted to 33 or 46% below the ad libitum level of intake.

At 747

days , 100% of the unrestricted male rats exhibited lesions of glomerulone
phritis while at 809 days only 3 6% of the animals fed the 3 3% restricted
diet had such lesions , and only 1 animal (13% ) in the 46% restricted group
Incidence of glomerulonephritis was

had developed symptoms by 818 days .
lower

in

female s than in males in corresponding groups with all restricted

females being completely free of lesions.
maximum

The authors pointed out that

body size was certainly not consistent with delaying the onset of

disease or with increasing longevity.

Rather, in mild feed restriction,

the latent period preceding the onset of lesions was extended , and longevity
was increased.

Therefore , there must be some metabolic factor related

to feed intake which influences the susceptibility of

aging

tis sues, such

as the kidney, to disease.
Bras and Ross ( 35) studied kidney disease in the rats subjected to
the dietar,y regimes described earlier by Ross (13 , 14) in which animals were
restricted in protein, in carbohydrate or in calories to var,ying degrees.
All the experimental groups showed a "remarkable" reduction in prevalence
of progressive glomerulonephrosis.

Caloric level seemed to be.more im

portant than did protein level in bringing about this reduction.
.
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Adams and Barrows ( 36) and Beauchene1 .Fane stil and Barrows ( 37 ) re
ported

a

decreased ability of kidney slices from old rats to actively

transport paraaminohippuric acid ( PAH) .

The latter group also reported

age associated decreases in the transport of alpha-amino isobutyric acid
and in the activity of renal sodium-potassium-activated adenosine triphos
phatase ( Na-K-ATPase ) .
In

the Adams and Barrows study (36 ) , it was found that with a con

centration of 3 . 88 pg PAB,/ml in the medium there was no
difference in the accumulation of PAH by kidney slices .

age

associated

However, in a

medium containing 200 pg PAB/ml , there were marked agewise decrements when
the maximal active PAH accumulation by the tissue was estimated after 60
minutes incubation.

These decrements exceeded the decreases in the con

centration of DNA , meaning that the ratios of maximum PAH accumulation
and minimum work required per unit of DNA were reduced with age .
data might be interpreted to mean tha. t

age

These

differences are more pronounced

when there are increased demands on the kidney.
In the study by Beauchene and coworkers (37 ) , attempts were made
to determine whether the

age

cific for PAH.

to do

In order

.

associated changes of the kidney were spe
this, they measured the accumulation

of

alpha-amino isobutyric acid by kidney slices and the activity of Na-K-ATPase
in kidney homogenate, in addition to PAH accumulation.
findi�a of Adams and Barrows (36 ) ,

the age

Contrary to the

differences in PAH uptake

were apparent even during the first 15 minutes of incubation, and there
was a high correlation between activity of Na-K-ATPase and PAH accumula
tion by kidney slices of individual animals . Alpha-amino isobutyric acid
accumulation, which involves a different transport mechanism than does PAH
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uptake , showed a significant decrease with age and was significantly cor
related with PAH uptake in individual animals .
The hypothesized loss o f nephrone with age in human sub j ects
when compared with the findings of Adams and Barrows

(36)

(31) ,

which indicated

that kidney function decreased more with age than did renal DNA content
of rats , indicated that the e ffects of age on kidneys in the
might not be identical.

species

However, the techniques used for the rat studie s

were di fferent from those employed for human inve stigations .
Gregory and Barrows

2

(38 )

There fore ,

conducted an animal study using clearance tech

nique s similar to those used in humans in an effort to get data which
could be used to make valid compari sons.

A lack of an age e ffe ct on

glomerular filtration rate as determined by inulin clearance agreed well
with the very slight decline in renal cell number based on DNA analysis
and indicated a minimal loss of nephrone with age in rats .

The PAH clear

ance values were in good agreement with value s for in vitro PAH trans
port obtained by others

(36 , 37) .

All this seemed to substantiate the idea

that there really is some difference in the effect of age on kidney tissue
of the

2

species although a decreased function with age has been found in

both.
Zeman

{39)

observed the e ffects of maternal protein restriction

on the structure of kidneys of newborn rat s , and Hall and Zeman
studied kidney function in these animals .

(40)

The kidneys o f these animals

were found to be immature with fewer identi fiable glomeruli

(39) ,

lower

glomerular filtration rate and depressed urine excretion during either
water or osmotic diuresis

(40).

According to Allen and Zeman , increased

postnatal nutrient intake had not completely reversed the retardation in
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kidney development caused by prenatal protein deficiency by the time the
rats were 90 days old (41) , and it only partially compensated for. the re
duction in function (42) .

However, these studies are comparable to others

employing restriction during gestation and/or lactation (5,6,7,8,9) which
caused continuing detrimental effects and/or shortened.life span and
should not be confused with studies employing restriction at a later
period of life and associated with an increased life span.
IV.

AGE .. ASSOCIATED URINARY CHANGES IN RATS

The idea that there might be a decreased ability of tubule cells
of older animals to perform osmotic work was suggested by a study con
ducted by Dicker and Nunn (43).

These authors reported a decrease in

the ability of older animals (350 days) as compared to controls (100
days) to concentrate urine after being deprived of water for 24 hours.
The mean urinary excretion of older animals was 0. 91 ml/100 g/24 hours
compared to 0. 62 ml/100 g/24 hours for the younger ones.
In other early work with kidney' function

in

aging rats, Everitt

(44) found that urine production remained relatively constant from youth
to old

age

(750 days) but increased (in ter.ms of output of urine per

unit of metabolic body size) between 750 and 953 days.

Consumption of

feed and production of both urine and feces decreased progxessively
during the last 200 days of the life of the animal.

Consumption of

water per unit of metabolic body size decreased from youth to middle
age , and then increased from old age to senility,
In

a second paper, Everitt (45) reported urinary protein excre

tion approximately doubled from youth to middle age and again from middle
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age to old age .

Protein excretion of senile rats showed a 10-fold increase

from youthful excretion.

Everitt described massive protein excretion as

an indication of renal disease, but the observed decrease in creatinine
excretion was considered an

age

change.

Excretion of uric acid and

non

protein nitrogen were also considered to be age related and increased in
middle age and again in the last 200 days before death.

The changes in

excretion of non-protein nitrogen, creatinine and uric acid associated
with

age

were found not to be significantly different in high and low

protein excreters .
Beauchene and coworkers (46) also reported an increase in pro
teinuria and an increased proportion of albumin in urinary proteins of
old rats , changes thought to be due to the increased incidence with age
of glomerulonephritis in the animals .

The project , designed t o study

the uptake of labeled compounds by proteins of the liver and kidney in
order to test the "Error Theory of Aging," showed

a

lack of effect of

age on renal protein synthesis but an increase in synthesis of protein
by the liver.

The increased liver synthesis was considered to be sec•

ondary to the proteinuria found to occur in senescent rats rather than
to changes in the stru.cture

of DNA

molecules since there was a

signifi

cant positive correlation between urinary albumin excretion and the in
corporation of labeled precursors into liver protein and serum albumin.
Perry (47) had previously studied the urinary proteins excreted
by the Wistar rat .

Proteinuria was observed in all male rats by 8 weeks

of age being within the range of 25- 100 mg/100 ml of urine initially and
showing an increase with
1000-3000

mg

age

until rats 12�24 months of

protein/100 m1 of urine .

age

excreted

Such proteinuria was not found in
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young female rats , leading the author to believe that the protein ex�
creted by young males might be of testicular or prostatic origin.
Separation of proteins by electrophoresis revealed a urinary protein
having the same mobility as that found in the prostate and seemed to
bear out the hypothesis .

Ey 6-8 months o f age, however, albuminuria

was found in both males and females , and it increased with age .

Simul

taneous� decreases in the serum albumin fraction and increases in the
alpha-globulin fraction, changes consistent with nephrosis , were also
observed.
Linkswiler et al . (48 ) also reported proteinuria in rats and
agreed with the findings of Perry (47 ) that females and castrated males
excreted less protein than normal males.

Other factors found to influ

ence protein excretion included level of casein in the diet and basal
metabolic rate .

Deficiencies of pantothenic acid, vitamin E and

methionine were associated with decreased proteinuria while in vitamin
E6 deficiency, protein excretion was markedly elevated.

Rats with liver

tumors were also found to excrete large amounts of protein.
Eerg (49 ) studied the relationships between renal lesions and
changes in urinar,y proteins and serum proteins and cholesterol in rats
from weaning until 640 days of age .

Ey 240 and 370 days , lesions were

occurring with increasing frequency exhibiting characteristics corre
sponding to those of nephrosis .

Incidence and severity of lesions

were greater at 640 days than at 370 days . At all ages , glomeruli were
much more extensively involved than tubules .

As proteinuria increased,

electrophoretic patterns approached that of serum proteins .

Serum

albumin decreased slightly accompanied by a marked increase in serum
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globulin with advancing age .

Serum cholesterol values at

days were

There was no significant change in

about twice those of young animals .
blood urea nitrogen with age .

640

The findings of glomerular lesions , pro

teinuria and hyperchole sterolemia are all consistent with findings in
nephrosis .

However, rats did not exhibit the edema and hypoalbuminemia

which also help to characterize nephrosis in humans .

V.

SODIUM- POTASSIUM-ACTIVATED ADENOSINE TRIPHOSPHATASE

Two papers by Katz and Epstein
role of Na-K-ATPase .

(50 , 51)

The earlier paper

(50)

attempted to clarify the
reviewed the evidence sup

porting the idea that Na-K-ATPase is involved in the active transport
of e lectrolyte s across membranes in tissues of many different types .
Characteristic s ·of the cell-membrane transport system o f most animal
cells include a re quirement for ATP as an energy substrate , action
upon monovalent cations and inhibition by digitalis glycoside s , such as
ouabain.

In 1962 ,

(52)

Wheeler and Ylhi tta.m

reported tha. t properties of a

kidney ATPase suggest that this enzyme is stimulated and inhibited in
a way similar to active transport .

Their evidence included such facts

as the stimulation of the rate of ATP hydrolysis when sodium and potas
sium ions were added together to a rabbit-kidney cortex homogenate and
removal of this stimulation o f ATP hydrolysi s with the addition of
ouabain.
According to Katz and Epstein

(50)

mo st of the Na-K-ATPase

activity of the kidney is contained in the homogenate fraction contain
ing cell membranes and in the microsomes .

The se investigators found

(51)
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that Na-K-ATPase activity changed in an adaptive way when renal sodium
resorption was chronically altered either up or down.

Contralateral

nephrectomy, high dietar,y protein intake and greatly reduced glomerular
filtration rate caused by administration of an adrenocortical steroid
all caused increased tubular reabsorption and increased Na-K-ATPase
activity while adrenalectomy produced opposite effects on glomerular
filtration and reabsorption of sodium and on Na-K-ATPase activity.
These data appear to support the hypothesis that the Na-K-ATPase enzyme
system is closely involved in the process of actively transporting
sodium across the renal tubule .
Hendler, Torretti and Epstein (53) reported a higher level of
Na.-K-ATPase activity in the outer ( red ) medulla than in the cortex or
in the white medulla of the kidney.

Since the ascending limb of the

loop of Henle , found in the red medulla of the kidney, handles a re
absorptive load per unit of tissue 8- 16 times as high as that of the
proximal tubule , the authors believed that the higher concentration of
Na-K-ATPase , which is unaccompanied by increases in other membrane
bound enzymes , could be justified in ter.ms of need.
explanation is that sodium

may

Another possible

actually be transported in at least 2

different ways by renal tubular cells , 1 of these ways being Na-K-ATPase
dependent and the other Na-K-ATPase independent .

If this were the case ,

the se data �gest that the Na-�ATPase-dependent pathway predominates
in the ascending limb and distal tubules with the other mechanism pre
dominating in the proximal tubule .
�ttembur,y (54) presented evidence for the case of

2

transport

mechanisms , both of which seemed to be ATP-requiring and closely linked
to respiration.

He showed that ouabain selectively inhibited sodium for
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potassium exchange but not the extrusion of sodium accompanied by chloride,
but ethacrynic acid inhibited mainly the extrusion of sodium accompanied
by chloride.
Chignell, Roddy and Titus (55) found that Na-K-ATPase levels in
kidney homogenates from adrenalectomized rats were only about half the
levels in homogenates from control animals.

More recently, Hendler and

coworkers (56) worked with influences of adrenalectomy and hor.mone re
placement in rat kidney tissue.

They were interested in seeing whether

hor.mone effects were specific for Na-K-ATPase or whether they had a
general effect on the plasma membrane.

Their data showed a specific

influence of glucocorticoids ( methylprednisolone ) in restoring Na-K-ATPase
activity in adrenalectomized rats without altering levels of adenyl
cyclase or 5 1 -nucleotidase ( other enzymes of the plasma membrane ) .
They suggested that the change was probably associated with an actual
increased quantity of the Na-K-ATPase per unit of material.
VI .

PARA.AMINOinPPURIC ACID TRANSPORT

Cross and Taggart (57) in 1950 reported a classical study of the
mechanism for transporting

PAH

using renal cortical slices , and in 1959 ,
Their

Foulkes and Miller (58) proposed a model of this transport system.
model consists of the following 4 steps :

first, the diffusion of

PAH

from the medium into the extracellular space of the tissue; second,
facilitated diffusion at the peritubular cell membrane ; third, a build
up of a high tissue concentration within the cell ; and fourth, a transfer
of PAH across the luminal border of the cell into the tubular lumen.
From the final step the PAH might then diffuse back into the medium.
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According to a more recent article by Sheikh and Mtller (59 ), with
data on PAH transport by separated renal tubules ( which eliminates compli
cating features such as the existence of extracellular space and the possi
bility of transport being slowed by a diffusion barrier between the ex
ternal and internal parts of a slice ) a short initial period of rapid
transport was considered to be the active transport and was followed by
a slowed uptake of PAH which may be due to intracellular compartmentation.
These results are contradictor,y to the earlier model proposed by Foulkes
and Miller.
Tanner and Isenberg (60) have discussed the meaning of in vivo PAH
clearance.

At low plasma levels of PAH, the PAH is removed almost com

pletely from the plasma as it passes through the kidneys meaning that
PAH clearance is approximately equal to renal plasma flow. However, at
high plasma levels, the amount of PAH secreted per unit of time is maxi
mal and is independent of the concentration in the plasma.

The existence

of such a maximal rate of tubular transport has been attributed to satu
ration of a limited number of cell transport sites for PAH.

I! this

maximum rate is dependent on the number of secretor,y si tea, it may be
considered an index to the amount of fUnctional secretor.y tissue in the
kidney.

The study by Tanner and Isenberg (60) indicates that there is,

in fact, a limited number of proximal tubule secretor,y sites which may
be related to tubule length, among other things, and which would seem
to account for the existence of a tubular maximum for PAH.

CHAPrER III
EXPERIMENTAL PROCEDURE
I.

GENERAL

PLAN

Animal s fpr this study were male rat s of Wistar origin obtained
as weanlings from the National Research Laboratories in Creve Coeur ,
Missouri .

Animal groups are shown in Table

Animals in groups AY and

12 months of age and other animals were sacri ficed

RY were sacrificed at
at

1.

23-25 months .
All animal s were multiple housed with

5 animals per cage in 16" x

11" x 8" wire me sh cage s . All animal s were provided water ad libitum.
Diets are de scribed in the next section.

Cages were examined daily, and

any dead animal s , removed and autopsied .

Rat s were weighed ever,y

unt;i.l they were
each cage of

4 months of age and monthly thereafter.

2 weeks

Feed intakes for

5 rat s were measured ever,y 2 months throughout the 2 year

study.
II .

Dim'ARY

TREATMENTS

Dietar,y treatment s are shown in Table
fed a diet of modified
is shown in Table

2.

human foods (MHD) .

1.

Groups AH and

RH

were

The compo sition of this diet

The remaining groups were fed Wayne Lab Blox

a commercial laborator,y feed .

( LB) ,

All Lab Blox were ground to allow for easy

removal of feed from cages of restricted animals .

The nutritional value s

of these diets are 9 ompared to recommended nutrient levels for rat s in
Table s

3 and 4.
26
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TABLE 1
ANJNAL GROUPS AND

Group

DIE!'ARY TREATMENTS
Di etary Treatment Period
1-12 mo .
12-24 mo .

n

Diet

A

25

Lab :Blox

R

25

Lab :Slox

re stricted

AR

30

Lab :Slox

ad libitum

re stric ted

RA

30

Lab :Slox

re stricted

ad libitum

AY3

15

Lab :Slox

ad libitum

RY3

15

Lab :Slox

re stricted

AH

25

Modified 4
Human Diet

ad libitum

ad libitum

RH

25 . .

Modi fied 4
Human Diet

re stricted

re stricted

lwayne

1

ad libitum

ad libitum
2
·

re stricted

Lab :Blox--ground to faci litate use .

2

Feed re striction was accomplished by making feed available
out of each 48 hours after an initial adaptation period.

3The se animals were sacrificed at l : year of age to serve as
young controls .

�

composition o f this diet is given in Table 2 .
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TABLE 2
COMPOSITION OF MODIFIED

HUMAN

DIET

Dieta;y Component

Percent of Diet

Lean ground bee � ( cooked· and dried )
Lean ground pork1 ( cooked and dried )
Nonfat dry

milk2

17

Dehydrated sweet potatoes)
Dehydrated white potatoes4

1
21

Mixed greens5 ( dried )
6
Enriched white bread ( dried )
Cracked wheat bread6 ( dried )
Corn bread

7

1
20
5
25

( dried )

1East Tennessee Packing Company, Knoxville , Tennessee .
2Sugar Creek Foods , Knoxville , Tennessee .
3Fanoy Yam Flakes , Instant Sweet Potatoe s ,
Atlanta, Georgia.

�shed Potato Granules , Vitamin C added,
Atlanta, Georgia.
5Grown locally.

NIFDA , !no . ,
NIFDA ,

Inc . ,

� rita Bread Company, Knoxville , Tennessee .
1Made with Three Rivera Self-Rising Cornmeal Mix, Enriched/
Bolted White , The White Lily Food Company, Knoxville , Tennessee .
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TABLE 3
NUTRIENT

COMPOSITION OF DIEI'S

Recommended
for Growth!

Nutrient
Calories
Protein, 4 g

Per 100

!

of Diet
2
lab Blo:x:

444. 00

275 . 00

13 . 30

24. 50

Modified 3
Diet .

Human

411 . 00
21 . 505

Carbohydrate , g
Fat , g
mg

Calcium,
Iron,

mg

Vitamin A ,
Thiamin,

mg

Riboflavin,
Niacin,

IU

mg

mg

61 . 30
5. 50

4. 20

6 . 905

5 60 . 00

1200 . 00

356 . ocP

3 . 90

34. 00

2 . 80

200. 00

1500 . 00

1374. 00

0 . 14

1 . 40

0. 36

0 . 28

0 . 65

0. 58

1 . 67

6 . 00

4 . 20

�C Committee on Animal Nutrition (61 ) .
2Iaboratory animal feeding the Wayne way.

Allied Mills , Inc .

�sed on values in U. S . D.A. Handbook No. 8 ( 62 ) .

�ssential amino acid composition given in Table 4.
5values obtained from actual analysis of diet samples .
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TABLE 4
ESSENTIAL AMINO ACID COMPOSITION OF DIETS
g

Am1no

Acid

Recommended
for Growthl

Per 100

g

of

Lfb Blo:x:2

Diet

Modified 3
Human Diet

Arginine

0. 7

1. 4

1. 4

Histidine

O. J

0. 6

0. 6

Isol euc ine

0. 6

1. 4

1. 2

Leucine

0. 8

1. 8

2. 1

Lysine

1. 0

1. 6

1. 5

Methionine

0. 7

0. 5

0. 5

Phenylal anine

0. 9

1. 2

1. 1

Threonine

0. 6

1. 0

1. 0

Tryptophan

0. 2

0. 3

0. 3

Valine

0. 7

1. 4

1. 3

�C C ommitte e on Animal Nutrition (61) .
2

I&boratory animal feeding the Wayne

way.

Allied· Mil�s ; Inc.

)Calculations based on values given in Home Economics Research
Report No. 4 (63) .
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The · diet of modified human foods was prepared in the following
e r:

mann

Ground meat was cooked in a fr,ying pan until brown with fat being
continually dipped from it .

The meat then was transferred to shallow

pans lined with absorbent paper and dried in an oven at approximately
95° for 4 to 6 hours or until it appeared dr,y when crumbled.

It was

then cooled and stored at -10° until needed.
Raw greens were dried at 45° in a convection oven overnight
( approximately 15 hours ) .

They were then ground with an institutional

coffee grinder.
Slices of white and cracked wheat bread were placed on flat pans
and dried in an oven at 95° for 4 hours.

Bread was then crumbled and

ground with a coffee grinder.
Corn bread was made by the following recipe :
6 large eggs

2600 g cornmeal mix
400 g nonfat dr,y milk
1 g vitamin D oil

1 1/2
8

c

Wesson oil

1/2 c water

(40 , 000 IU/g)

Eggs

were beaten with oil .

Then all ingredient s were mixed together

using an institutional electric mixer, poured into pans , and baked at
188° for 1 hour.

Bread was then crumbled, spread in shallow pans , dried

at 95° for 4 hours and ground with the coffee grinder.
Other ingTedients of the diet were purchased in the for.m to be
used. All dietar,y ingredients were mixed, ground and frozen at -10°
until needed.
Feed restriction was accomplished by having feed available to
the animals for only a limited period of time . At the final level of
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restr!otion, feed was made available for only 15 9ut Qf each 48 hours
(5 : 00

PM

to 8 :00

AM

on alternate days ) .

However, weanling rats had pre

viously been observed by the author to be unable to survive and grow on
this type schedule.

Therefore , a gradual adaptation process was used

to achieve this pattern of restriction for feeding the adult animals .
Rats were fed for 24 out of 48 hours beginning at 1 month o f

age

•

.'At

8-day intervals , feeding time was cut back to 21 , 18 and finally 15 out
of 48 hours until by 2 months of
the permanent schedule ,
stricted feeding at the

age ,

animals were eating according to

When rat s of group AR were switched to re
age

of 12 months , the adult animals were adapted

to feed restriction in a similar manne r.
III.

URINE

COLLECTION

At 3 , 9, 12 ; 15 and 21 months of

age ,

from each of groups A, R, AR, RA, AH and

RH

12 randomly selected animals
were placed in individual

metabolism cages for the collection of 4-day (96 hour) urine specimens to
be analyzed for protein and creatinine content .

Collections were made

from animals of groups AY and RY only at 12 months' of

age ,

immediately

before sacrifice.
Bottles for urine collection were prepared by pipetting 0. 2 ml
of thymol in propanol (lQ% w/v) into each bottle (64) and adding 2 drops
of light weight mineral oil by dropper to each bottle (65).

Each collec

tion bottle was then placed in a clean 600 ml beaker and positioned below
the outlet of the metabolism cage so that urine went int o the bottle and
feces into the beaker.

33
Collection bottles were replaced , and funne ls were rinsed daily.
Waxed paper was placed below each metabolism cage to catch
A:ny urine collected in this

during the washing period.

any

excretions

e r was then

mann

added to the total sample .
Urines were centrifuged daily at 800 x g in an Internati onal Model
SBB centrifuge for 10 minutes to remove feed which might have fallen
into the collection bottles .

Centrifuged urines were composited for

each rat and kept refrigerated until the end of the 4-day collection
period. Total volumes were measured, and urines were frozen at -10°
until needed for analysis .
Osmolarity was deter.mined on fresh urines from the last collec
tion before sacrifice .
IV.

URINE DETERMINATIONS

Osmolarity
Samples of 2 ml each were taken from composite collections of
urine .

Osmolarity ( expressed as milliosmoles per liter) was determined

using a Precision Osmometer.

The principle of the instrument involves

measurement of the depression in fre ezing point depending on the con

centration of molecules and ions in solution.
Urinary

Proteins

Urines were tested qualitatively for protein by adding a few
drops of 3% (w/v) sulfosalicylic acid to an equal amount of urine (pp) .
Results of this t·e st determined the sample size to use in the quanti ta
tive test .

If the sulfosalicylic acid test gave a slight turbidity, 0, 8 ml

of urine was used.

If a light precipitate was for.med, 0 . 6 ml of urine

was used, and if a heavy precipitate , 0 . 4 ml of urine .
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The quantitative test used was that of Saifer and Gerstenfeld (67)
except that biuret reagent (68 ) was used for color development .

The

biuret test depends on the formation of complex ions between copper and
proteins in an alkaline solution to give a violet color which can be
measured spectrophotometrically.
Reagents .
3 g CuSo4 · 5H 0 , 9 g Na.KC 4H4o 6 · 4H 0 , 8 g NaOH
2
2
and 5 g KI were dissolved and diluted to 1 liter with water.
1.

Biuret Reagent :

2.

Bovine Serum Albumin Standard :

1 g bovine serum albumin (BSA )

was dissolved in and diluted to 100 ml with 5fo {w/v) :N�C+ .

Working

standards were prepared daily using' 0-0. 8 ml of the stock standard.
3.

Perchloric Acid (PCA) Solution, 0 . 14% (w/v) :

0.4 ml of 70%

PCA was diluted to 200 ml with acetone immediately before use .
Procedure .

Standards and duplicate urine samples ( sample size de
To

termined as described above ) were diluted to 1 ml using 5% NaCl .

this was added 4 ml of the PeA-acetone mixture . Samples were then mixed
using a Vortex Genie Mixer, incubated in a 50 ° water bath for 20 minutes ,
and centrifuged at 800 x g for 12 minutes in an International Model SBB
centrifuge .

The

. acid (TCA) was

supernatant

added ,

fluids were discarded ,

and samples were again

mixed ,

2

ml 5%

trichloroacetic

centrifuged and care-

Protein pellets were dissolved in 1 ml of 0 . 1 N NaOH and
incubated in a 3 7 ° water bath for 15 minutes . Four ml biuret reagent was
fully dnained.

added to each sample .

Samples were mixed, incubated for 15 minutes at 37° ,

and absorbances were determined at 550
tometer.
mg

nm

using a Beckman B spectropho-

Protein excretion per 24 hours was calculated as follows :

prote1.n/24
·

hr

-

=

Cone of std x A 0 f samp 1e x
1
x 24
A of std
sample size

hr

urine vol
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Urinary Creatinine
This deter.mination described by Henry

(69)

is based on the measure-

ment spectrophotometrically of the red pigment , creatinine picrate , £or.med
when picric acid and NaOH are added to a solution containing creatir�ne .
Reagent s .

1.

Oxalic Acid :

2.

Lloyd 1 s Reagent :

3.

Creatinine Standard :

a saturated solution wa s prepared with water.
a lo%

( w/v )

suspension was prepared with

water.

solved in

0. 1

500

N HC l and diluted to

mg creatinine zinc chloride was dis-

500

tion was diluted daily in a ratio of
ards were prepared using
Procedure .

0- 4 . 5

ml with the HC l .

1 . 5 : 100

ml of the diluted standard ,

One ml of each urine sample was pipetted into a

sodium tungstate and

800

Working stan�

with water.

ical centrifuge tube :and� diluted·�.wi th ... 7 tfll' of water, \

centrifuged at

Thi s stock solu

1

ml of

x g for

2/3

10

N

1

ml , of

15

ml con

10% .( w/v)

Sample s were then mixed and

H2so4 •

minutes in an International Model SEE

centrifuge .
A final dilution of

1 : 100

the deproteinated urine into
volume with water.
to

5

a

centri fuged at

1%

800

ml o f

ml volumetric flask and diluting to

ml with water, and to each was added

10%

x g for

picric acid and

1

0.5

ml saturated aqueous

aqueous suspension of Lloyd ' s Reagent .

were mixed intermittently for

ml

25

2.5

Standards and duplicate 3 ml samples were diluted

oxalic acid and 1 ml

1

was obtained by pipetting

12

ml

10

Samples

minutes using a Vortex Genie Mixer,

minute s and draine d .

0. 75

N

�aOH

mixing and centrifuging steps , repeated.

Then

3

m l water,

were added to each tube , and the

The

absorbance s of the

supernatant fluids were measured at 520
tometer.

nm

using a Beckman B spectropho-

Urinar,y creatinine excretion per 24 hours was calculated using

the following for.mula :
mg

creat�ru.ne
. . /24 hr

=

Cone of std
A of st"d

V.

x

A of sample

x

0 . 033

x

24 hr urine vol

PREPARATION OF TISSUE

All animals were allowed to eat ad libitum the night be fore sacrifice and were weighed shortly be fore sacrifice .

Ad libitum-fed and re-

stricted rat s were killed alternately, and order was rotated daily to
minimize bias resulting from holding time of tissue before analysis .
Rats were stunned by a blow on the head and then decapitated. A
1
drop of blood from each rat was placed on an AZOSTIX strip and read
·

immediately for blood urea nitrogen.

The rest of the blood was drained

from rats into test tubes and held for about an hour before centrifuging
to separate serum for the creatinine determination.

Kidneys were removed

and placed on chilled watch glasses where they were kept on ice until
time for slicing.

Rat s were further examined for any abnormalitie s.

The clotted blood was loosened from the tube and centrifuged at
550

x

g for 15 minutes in an International Model SBB centrifuge .

serum was removed with a dropper and put into a clean tube .
clot was removed with a small metal spatula and di scarded.

The

The blood
The blood

was again centrifuged, and the additional serum, collected .
Kidneys were decapsulated and weighed to the nearest 0 . 01
Mettler top- loading balance .

g

on a

A Stadie-Riggs microtome was then used to

1
AZOSTIX, Ame s Company, Division Mile s Laboratory, Inc . , Elkhart ,
Indiana.
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slice the left kidney for the PAH determination.

The remaining portion

of the left kidney was preserved in 3 . 1% fo�ldehyde solution and saved
The right kidney was homogenized for the ATPase determination.

for slides .

VI.

KIDNEY

DETERMINATIONS

Paraaminohippuric � Transport
The uptake by kidney slices of PAH from a suspending medium is an
in

vitro measure of the ability of the kidney to perfonn osmotic work.

PAH released from a homogenate of the kidney slices was determined by a
diazotization reaction followed by the addition of a reagent which re
acts to yield a pink color which can be measured spectrophotometrically
( 36 ) .

Reagents .
1.

Medium, pH 7 . 3 :

5 . 06 g NaCl , 2 . 98 g KCl , 1 . 3 6 g sodium ace

tate (c 2H Na02 · J82 0) , 1 . 98 g sodium phosphate (Na2HP04 • 7H2 o) and 200 mg
3
PAH were dissolved in approximately 800 ml water, and the pH, adjusted
to 7 . 3 with HCl .

The solution was then diluted to 900 ml with water.

A calcium chloride solution containing 0 . 11 g calcium chloride (cac1 2 •
2H2 0 ) diluted to 100 ml with water was mixed with the rest of the medium
in a ratio of 1 ·: 9 immediately before use .
2.

Sodium nitrite {NaN0 2) :

a 0 . � solution was prepared with

water daily.
a 0 . 5% solution was prepared with water.

3.

Ammonium sulphamate :

4.

N- (1-naphthyl ) -ethylene diamine dihydrochloride ( EDA ) :

a

0. 2'/o

solution was made with water.
5.

�Para.B.minohippilric aciQ. ( PAH) standArd : . 100 mg PAH was dissolved

in 100 ml 0 . 1 N HCl .

Ten ml o f this standard was diluted to 100 ml with
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0. 1 N HCl , and this was diluted again to give a final working standard of
10 pg/ml .

A series of standards were prepared daily by diluting 0-2 . 5 ml

0f the wo:rlting standard to 6 ml with 0. 1 N HCl .
Procedure .

The buffer medium was mixed as described above , and

10 ml of medium was pipetted into each of a series of 25 ml Erlenmeyer
flasks which were chilled in ice until incubation of the kidney slices .
Kidneys were removed , weighed and sliced { 5
Riggs microtome .

mm

thickness ) with a Stadia

The outer {capsular) slices from each side of the kid

ney were discarded, and 2 inner slices from each side were weighed to
the nearest 0 . 2

mg

using a Roller-Smith balance and then dropped immedi

ately into flasks containing medium.
Slices were incubated for 1 hour at 37 ° in an Eberbach water
bath shaker moving at the rate of 120 cycles per minute with oxygen
flushed through them.

Flasks were then removed from the shaker, and

slices were lifted from the flasks with forceps .
drained from slices against flask necks .

Excess medium was

Each slice was washed by

dipping into physiological saline {0. 9.%) , and again excess liquid was
removed against the side of the container.

Each slice was then dropped

into a graduated centrifUge tube to which about

1 ml

of water was added

from a wash bottle .
Each slice was homogenized in l Q% TCA using a tissue gxinder with
a Teflon pestle .

Homogenates were diluted to a final volume of 7 ml in

the graduated centrifuge tubes with 10% TCA.

Samples were mixed with a

Vortex Genie Mixer and then centrifuged at 800 x g for 10 minutes in an
International Model SBB centrifuge .
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Duplicate 2

ml

samples of supernatant fluids from homogenates were

pipetted into spectrophotometer tubes .
of 2

N

To.... each sample was added 0 . 5 ml

HCl and enough water to bring the total volume in the tube to 4. 5 ml .

·Tubes�. were topped.--·witl'J. marbles ,· and� samples !fere bydrol�ed for.' 30
minutes in a boiling water bath after which they were cooled to room
temperature .
To each standard and sample ,was added, in order, 0. 5 ml sodium
nitrite , 0 . 5

ml

ammonium sulphamate and 0. 5 ml

EDA .

Sample s were mixed

after addition of each reagent and finally were diluted to a total volume
of 7 . 5 ml with 0. 1

N

HCl.

Samples were allowed to stand for 10 minutes

before the absorbances were measured at 540
photometer.

llil'

r�

PAH

with a Beckman B spectro-

in the tissue was calculated as follows :

(

.

PAH/mg t�ssue

nm

=

Total PAB/100

.

C one o f std
x A of sample
A of std
mg t �ssue

g

bo�

wt

x 3·

;

- 200

=

10 (pg PAH/mg protein) (rt kidneY

wt

+

lt kidneY

wt ,

Jl.ody wt , g

g) (yirp:ep.-t !prptein)

Tissue Protein
The method for the deter.mination of tissue proteins was a modification of the method of Shibko et al . {70) and the biuret reagent (68) was
used for color development .

The principle for dete�ination of protein

using this reagent was described in Section

IV

of this chapt er.

Reagent s .
1.

Biuret Reagent :

described in Section

IV ,

p . 34·
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2.

:Bovine Serum Albumin Standard :

1 g bovine serum albumin (:BSA )

was dissolved in and diluted to 100 ml with 0. 4 N NaOH.

Working standards

were prepared daily by diluting 0-0. 8 ml of the stock standard to 1 ml
with 0 . 4 N NaOH.

3·

Perchloric Acid Solution ( PCA ) , 0 . 6% ( w/v ) :

5 ml of 7afo PCA

was diluted to 1 liter with 95% ethanol .
Procedure .

The precipitates obtained after centrifuging the TCA-

tissue homogenates of the PAH determination were drained.
tates were wasbed· 'With 3
ether.

ml

of 0. 6% PCA solution

and

The precipi-

again with 3

ml

of

Each time , the samples were mixed with a Vortex · Genie Mixer,

centrifuged at 800 x g for 5 minutes in an International Model SBB centrifuge , and the super.natant fluids discarded.

After the final centrifuga.....

tion, the protein pellet was dissolved in 3 ml of 0 . 4 N NaOH and left to
stand overnight

•

.

To 1 ml of each of the se protein solutions and each

standard was added 4 ml of biuret reagent .

The samples were mixed , in

cubated for 30 minutes in a 45 ° water bath, allowed to cool to room
temperature and absorbances determined at 550
spectrophotometer.

nm

using- a Beckman B

Protein was calculated as fo llows :
std
A of std x A of sample x 3 x 100
wt of slice

C one of

Percen� protein

=

Sodium-Potassium-Activated _Adenosine Triphosphatase
Microsomal suspensions prepared from kidney homogenates were incubated with ATP according to the procedure de scribed by Hendler and co
workers (56 ) .

ATPase activity was determined by analysis for inorganic

phosphate liberated .

The difference between inorganic phosphate liberated

in the presence and absence of potassium was considered to be the
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Na-K-activated portion of the ATPaae .

Correction was made for spontaneous ,

nonenzymatic breakdown of ATP by measuring inorganic phosphate liberated
under the same experimental conditions but without the presence of the
enzyme .
Reagents .
1.

0 . 25 M sucrose , 6 mM :disodium ( :ethylene

Homogenizing Solution:

dinitrilo ) tetraac etate ( EDTA ) , 20

mM

imidazole and 2 . 4

mM

sodium deoxy

cholate ( added immediately before use ) .

Forty- five g sucrose , 2. �3 g

EDTA and 1. 36 g imidazole were dissolved

in

water.

The pH of the solu

tion was adjusted to 6. 8 , and water was added to give a final volume of
900

This solution was frozen in polyethylene bottles and stored

ml .

until needed.

One g of sodium deoxycholate was dissolved in water and

diluted to a final volume of 100

ml .

The 2 solutions were mixed in a

ratio of 9 : 1 immediately before use .
2.
6

mM

Incubation Medium:

MgC1 2 and 6

mM

100

dis odium ATP.

mM

One

NaCl , 20

mM

KCl , 10

imidazole ,

mM

aqueous solution was made using
A second solution was made

5. 85 g NaCl , 1 . 49 g KCl and 0. 68 g imidazole .

using the same components except omitting the KCl .

The pH o f each solu-

tion was adjusted to 7 . 8 , and water was added to give each solution a
final volume of 800 ml .

Solutions were frozen

polyethylene bottles

( 1 . 22 g

6 H20 di
luted to 100 ml with water ) and disodium ATP ( prepared daily using 0 . 825 g

and stored until needed .

Equal parts of

in

MgC1

2

MgC l

2

•

ATP ·. diluted to 25 ml with water) were mixed and pipetted directly into
flasks to start the reaction.
Procedure,.

A 5% (w/v) tissue homogenate was prepared with the

homogenizing solution using a tissue grinder equipped with a Teflon pestle .
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The homogenate was then filtered through a double layer of gauze and
centrifUged for 30 minutes at 10 , 800 x g in a refrigerated Lourdes
Beta-Fuge Model A centrifuge using a 9 RA Rotor.

The supernatant

fluid was decanted and recentrifuged for 40 minutes at 105 , 000 x g in
a refrigerated Beckman Model L5-50 UltracentrifUge using a general pur
pose Type Ti Fixed-Angle Rotor.

Microsomes were resuspended in 1 . 5 ml

of the homogenizing solution without deoxycholate and frozen overnight
at - 10 ° before analysis was completed.
Microsomal samples of 0 . 2 and 0 . 4 ml were pipetted into 8 ml of
incubation medium ( either complete or without KCl) in 25 ml Erlenmeyer
flasks . The mixture was prewarmed for 5 minutes in a 37 ° Eberbach water
bath shaker moving at 120 cycles/minute .

Then 2 ml o f the MgC1 2-ATP
mixture was added to each flask to start the reaction which was carried
out for 15 minutes in the 37 ° water bath. The reaction was terminated
by removing 8 ml of the mixture from each flask and immediately adding ·
1 . 6 ml of ice cold 35% (w/v) TCA to each sample .

Samples were mixed

with a Vortex Genie Mixer and centrifuged at 800 x g for 5 minutes .. in
an International Model SBB centrifuge .

The supernatant fluids were

analyzed for inorganic phosphate by the method of Fiske and
( 71) .

SubbaRow

Microsomal protein was determined using the method of Lower,y et

al . (72) .
Inorgan+c Phosphate
Ammonium molybdate converts inorganic phosphate to phospho
molybdate which is then reduced with an amino-naphthol- sulfonic acid
reagent forming a blue color which can be measured spectrophotometri
cally ( 71) .
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1.

12 .5 g of ammonium molybdate was dissolved

Molybdate Reagent :

in 100 ml water.

•

To this solution was added 1.50 ml of 10 N sulfuric acid.

The solution was then diluted to .500 ml with water and stored in a polyethylene container.
Amino-Naphthol-Sulfonic Acid (ANSA) Reagent :

2.

0. 2 g of 1-a.mino-

2-naphthol-4- sulfonic acid was dissolved in 7 8 ml of 1.5% ( w/v ) sodium
To this was added 2 ml of 20% ( w/v ) sodium sulfite

bisulfite solution.

solution, and the solution was filtered.

3.

· 1. 098 g of potassium dihydrogen pho� ...

Phosphate Standard :

phate was dissolved
with water.

in

2 .5 ml of 10 N sulflu-ic acid and diluted to 2.50 ml
•

A working standard was made from this by diluting 3 ml of

the stock standard to 100

ml

to give a concentration of 3 mg/100 ml .

A

series of stand.S.rds were prepared daily by diluting 0-0 . 8 ml of the working
standard to 2 .5 ml with water.
•

Pro cedure .

One ml of supernatant fluid from the flasks was diluted

to 10 ml with water.

From each of the se diluted samples , 2 .5 ml dupli•

cate samples were pipetted.

Color development was achieved by adding 0 .5
•

ml of molybdate reagent and 0. 2 ml ANSA to each sample and standard , mixing after each step .

Finally, samples were diluted with 3 ml of water and

allowed to stand for .5 minutes before measuring their absorbances
with a Beckman B spectrophotometer.
mg

.
phosphate/mg prote�n

=

at .

66.0

run

Phosphate was calculated as follows :

Cone of std x A of sample x 0. 48
A of std
mg pro t e�n from flask
·

Microsomal Protein
Microsomal protein was detennined using the method of Lowery et al .

( 72 ) .

This is a very sensitive method which utilize s the reaction of phenol
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reagent with peptide bonds , tyrosine and tryptophan of protein to give
a deep blue color which can be measured spectrophotometrically.
Reagents.
1.

a � (w/v) solution of Na2co 3 was
Equal parts of 0. 5% (w/v) CuSo4 and 1%

Sodium Carbonate Reagent :

prepared using 0 . 1 N NaOH.

(w/v) NaK tartrate were combined.

The second mixture was added to the

Na co 3 solution in the ratio of 1 : 100 .
2
2.

Phenol Reagent :

a 1 N solution was prepared by mixing equal

parts water and 2 . N phenol reagent .
3·

Bovine Serum Albumin :

prepared by dissolving 500
diluting to 100 ml .

mg

a stock solution of this standard was

of bovine serum albumin in 0. 2 N NaOH and

Working standards containing 0-0. 4 mg/ml were pre

pared by diluting the stock standard with 0. 2 N NaOH.
Procedure .

Microsomal protein pellets were dissolved in 2 or

4 ml of 0. 2 N NaOH depending on the size of the sample incubated.

To

0. 8 ml of samples and working standards was added 4 ml of the sodium

carbonate reagent .
10 minutes.

Samples were mixed and allowed to stand for at least

Then 0 . 4 ml of phenol reagent was added to each as samples

were mixed with

a

Vortex Genie Mixer. After 30 minutes , the absorbances

of the samples were measured at 700

nm

using a Beckman B spectrophotometer.

Standard curves were plotted and concentrations of samples were read from
the curves .
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VII�.

BLOOD DETERMINATIONS

Serum Creatinine
The principle for creatinine determination is described on page 35.
Reagents used were the same as those for determination of urinar,y creatinine ,
and

the procedure used was similar (69) .
Duplicate 2 ml samples of serum were pipetted into conical centri-

fuge tubes .

Three ml of water, 1 ml of 10% sodium tungstate and 2 ml of

2/3 N H2so4 were added to each tube .

The contents of the tubes were

mixed and then centrifuged at 715 x g for 10 minutes .
Standards were prepared using 0-0 . 8 ml o f the creatinine zinc
chloride standard described on page 35 containing 15 pg creatinine/ml .
Standards and 3 ml samples of each protein-free centrifugate obtained in
the above manne r were diluted to 5 ml with water.

Next , 0 . 5 ml of satuI

rated aqueous oxalic acid and 1 ml of 10% aqueous suspension of Lloyd ' s
Reagent were added to each sample .

Samples were mixed intermittently

for 10 minutes using a Vortex Genie Mixer, centrifuged for 12 minutes
at 715 x g in an International Model SBB centrifuge , and drained.

Three

ml of water, 1 ml of 1% picric acid and 1 ml of 0 .'75 N NaOH were added
to each tube , and the mixing and centrifuging, repeated.
ances of the supernatant fluids were measured at 520
B spectrophotometer.

nm

The absorbusing a Beckman

Serum creatinine levels were calculated using the

following formula :
n2
r,_,

std x A of . sample x 1 . 33
l serum = CoAne ofofstd
creatininef1m
J

Blood Urea Nitrogen
Blood urea nitrogen (BUN) was determined by use of AZOSTIX, plastic strips impregnated with urease and bromthymol blue .

When blood is
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applied to the impregnated area of the strip , urease catalyzes the hydroly- ...
sis of blood urea forming carbon dioxide and ammonium hydroxide and thus
increasing the pH.

The bromthymol blue change s color with this shift in

alkalinity, and it is this color change that i s used to deteDmine the blood

(73) .

urea nitrogen level

A large drop of fre sh whole blood was· applied directly

Procedure .

to the impregnated area of an AZOSTIX strip .

After

60

seconds , the blood

was immediately washed off using a wash bottle ; and the color was com
pared to the chart provided.
duced fell between
than

5

2

Interpolation was used when the color pro

color blocks .

C omparisons had to be done in less

seconds after washing since color fade s ver,y rapidly.

were read as mg

BUN/100

Results

ml blood .

VIII .

GROWI'H CURVES

Growth curve s were calculated by computer from body weight s taken
at

16

point s during the first year of an animal ' s life .

developed by Brody

W
where

=

A-:Be

(74) ,

The formula ,

is given below :

-kt

W is animal weight in g at any given age ;
A is mature weight measured in g;
B is an integration constant ;
e is the base of natural logarithms ;
k is rate of growth ; and
t is age mea sure d in weeks .

In this formula , k is the relative growth rate with respe ct to the growth
yet to be made .

The growth rate

(k )

decline s at a constant percentage

rate , and the negative sign of k in the formula indicates this decline .
V�lues f.or A , B and k were calculated for individual animals ,
-

.

and means of these values were used for plotting growth curves for
groups·.
IX.

HISTOPATHOWGY

Sections of kidney tissue were preserved in a 3 - 7% for.maldehyde
·
solution, embedded ' in paraffin blocks and sliced for mounting. Slides
were stained with hematoxylin and eosin stain.
Each kidney section was viewed under a microscope and assigned
a rating of 1 to 5 depending on the number and severity of lesions .
Descriptions of each rating on the scale are given below, and examples
of sections receiving each rating are shown in Figures 1-5 . All sectiona showed some age- associated glomerular change in addition to the
changes described below.
1
2
3
4

-

-

-

-

few or no casts ;
some casts and minimal or focal areas of inflammation;
many casts and slight inflammat ion ;
many cas t s

and chronic

di ffuse inflammat ion ;

5 - many casts , cysts , chronic active inflammat ion and
interstitial fibrosis .
X.

STATISTICAL MEI'HODS

Analysis of data was done using standard statistical procedures
(75 ) .

Analysis of variance was perfor.med on variables to test for dif

ferences among treatments .

Kramer ' s modification (76) of Duncan' s

48

Figure 1 . Kidney section showing glomerular thickening.
Hematoxylin and eosin, x 180 ( Scored 1) .

Figure 2 . Kidney section showing minimal inflammat ion.
Hematoxylin and eosin, x 180 ( Scored 2) .

49
A.

Figure 3 . Kidney section showing many casts and slight
inflammat ion. Hematoxylin and eosin, x 180 (Scored 3) . A. Section
showing many casts . B . Section showing slight inflammation.

50

Figure 4. Kidney section showing many ca sts a.nd chronic
diffuse inflammat ion. Hematoxylin and eosin, x 180 (Scored 4) .

Figure 5. Kidney section showing many casts , cysts , chronic
active inflammat ion and interstitial fibrosis . Hematoxylin and
eosin, x 180 (Scored 5 ) .

51
Multiple Range test was used to partition means found to be significantly
different using the F-test with the analysis of variance .

A coe fficient

of rank correlation was used to determine the relationship between urinar.y
protein and pathology ratings .

The

Student s t test was used for te sting

differences between means for s ome variable s .

CHA.PrER

IV

RESULTS
Figure 6 shows mean daily feed intake per cage of 5 rats for
groups fed Lab Blox (LB) .

51 , 72 and 97 weeks old.

Intakes are shown when animals were 10, 25 ,
For each period during the first year, intakes

for the 3 ad libitum-fed groups (AY, A and AR) were averaged .

Similarly,

an average was found for the 3 groups of restricted animals (RY, R and
RA ) .

Comparison of feed intakes of ad libitum-fed and restricted rats

during the first year refers to the averages .

( This same practice will

be continued in presenting other data collected at several periods unless
otherwise indicated. )

Groups AY and RY were sacrificed at the end of

the first year ; group AR was switched from ad libitum to restricted
feeding; and gTOup RA was switched from re stricted to ad libitum feeding
at this time .

There fore , result s for the second year are reported for

individual groups.
The mean feed conswmption per cage of 5 restricted rats at 10
weeks of age was 55% ( 67 g compared with 120 g) of the level for ad
libitum-fed animals eating
nificant ( p

(p

<

�

0 , 05 ) .

LB ,

a difference which was statistically sig

Feed consumption was still significantly lower

0 . 05) for restricted than for ad libitum- fed animals at 97 weeks ,

but the percentage had increased to 65% of the ad libitum level (69 com
pared with 106 g) .

By 97 weeks , . rats of group .AR ate 80 g or 75% of the

ad libitum level , an amount significantly different ( p
take of both group A and group R.

�

0 . 05) from

in

Feed consumption of group RA at this
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Figure 6 . Influence of restriction on feed intake of animals eating
Lab Blox. Points show means ± SEM.
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time was 95 g or 9\/fo of the ad libitum level , an amount significantly
higher (p

4:.

0. 05 ) than that of group R but not different from group A.

Figure 7 shows that feed intakes of animals in group AH and

RH

were consistently lower than for anima ls in corresponding groups fed LB
although the differences betwee� restricted groups eating the 2 diets
were not significant at 10 weeks of age .

Restricted rats fed the modi

fied human diet (MHD) ate 6Q% (59 compared to 97 g) of the level of the
ad libitum-fed animals eating the same diet at 10 weeks of age and had
increased to 6� (59 compared to 87 g) by 97 weeks , percentages slightly
higher than the comparable figures for LB groups ( see above ) .
The levels of restriction just described were not severe enough
to cause a high mortality rate for any of the treatment groups .

The per

centages of animals from each group which died a natural death before
25 months of age are as follows : AY, 0 ; RY, 0 ; A , 4%; R, 4%; AR, 1.3%;
RA , 1%;

AH,

8%;

RH ,

0.

Figure 8 shows growth curves drawn using the mean values calcu
lated for A, B and k for ad libitum- fed and restricted rats eating LB.
Actual mean body weights are plotted for individual groups A, R,
RA at intervals from 56 to 96 weeks of

age .

AR

and

All growth curve parameters

(A , B, k) were significantly higher (p < 0 . 05) for the ad libitum- fed
than for the restricted rats .

Table 5 shows the analyses of variance

for these parameters , and Table 6 shows the mean values .

Calculated

mature body size (A) of the restricted animals was 71% (372 compared
with 526 g) that of the ad libitum-fed anima ls .

The comparable compari

son of te�nal body weights (374 and 565 g, respectively) was 6�.
Te�nal body weights of rat s of groups AR and RA were not significantly
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TABLE 5
ANALYSES OF VARIANCE OF GROWTH PA.R.AMRrERS AND
TERMINAL BODY WEIGHTS
Source of

A

Mean

Sgua.re s

k

wt

Variation

df

Treatment

7

1
90435

235886 1

0 . 0018 9 1

90361 1

87

1929

2782

0. 00020

1 9 737

Rats within
Treatment
1p 0. 01 .
<

:B

:Bog:t
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TABLE 6
INFLUENCE OF DIET AND RESTRICTION ON MEAN GROWTH
CURVE PAR.AMN.rERS AND TERMINAL BODY WEIGHTS l
Calculated Growth Curve

Treatment

Parameters 2

A

n

Actual Termi:na.l :
Body Weight

:a

k

62o . ,a -

0 . 1130&

g

Lab Blox
b

AY

12

504. 8

A

11

544. 6ab

66 9 . 4a

0. 107 1ab

c
515
5 6 5b

AR

12

528 , 9ab

650 . 5a

0 . 10 90ab

477 °

35

5 26 . 0

6 46 . 7

0 . 1097

RY

12

375 - 5

R

12

0. 08 6 7 °
0. 0798 c

RA

12

370. 6 °
370 . 4c

370 . 7b
b
3 66 . 8
390 . 9b

0 . 0994b

36

372 . 0

37 6 . 7

0 . 088 6

AH

12
12

634. 7a
403 . 2b

0 . 08 7 5

RH

560 . 6a
38 l . O c
+

+

Mean
Ad libitum3

Mean
)
Restricted

c

38 2

d

374d
c
492

Modified
Human Diet

SEM for
Column

-13 . 3

-18 . 2

c

o . o86.5c
+

-0. 0038

615a
. 40.5d
!14

�ana in a column sharing a common superscript are not aignificantly different from each other ( p > 0. 05 ) using Duncan ' s MUltiple
Range Test .
2 c a1
culationa based on body weight measurements during first
year of life .
3All groups combined to for.m this mean were fed identically during the first year of life .
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different from each other (477 and 492 g, respectively) and were 84 and

87% as great as the terminal mean body weight of animals of group A.
Growth curves for animals fed the 2 different diets on either a
restricted or an ad libitum basis are shown in Figure 9.

Nei t her ad

libitum- fed nor restricted animals fed MHD had mature body weight s (A)
significantly different from comparable groups eating LB ( see Table 6 ,
p . 58 ) .

Mature body weight (A) of the restricted animals eating MHD

was 68% (381 compared with 561 g ) that of the ad l ibitum- fed animals .
Growth rate (k) was significantly lower ( p � 0 . 05) for ad libitum- fed
rats eating MHD ( 0 . 0875) than for those comparably fed LB (0. 1097) .
Growth rate was significantly lower ( p

<

0 . 05) for restricted (0. 0886 )

than for ad libitum-fed animals (0. 1097) eating LB .

Howeve� there was

no significant difference between growth rate of restricted (0. 0865)
and ad libitum-fed (0. 0875) rats eating MHD

.

Urine volume s did not change significantly with age except for
group AH which showed a significant increase ( p

<

0 . 05) when the mean

volume of the final collection (14. 46 ml ) was compared with that of the
first collection (8 . 92 ml ) .
collection period are shown.

Therefore only urine volumes for the final
The analysss of variance of urinar,y parame

ters for the final collection period are shown in Table 7 , and the mean
values for urinar,y volume , osmolarity and creatinine for this period
are shown in Table 8 .

Only the mean urine volume of group AH was sig

nificantly different ( p <: 0 . 05) from other means .
groups

RH,

However, volumes for

A and AR tended to be higher than for the younger and/or

early-restricted ( restricted from 1 month of age ) rats eating
Osmolarity o f the urine was significantly �gher ( p

<.

LB .

0. 05 ) in groups AY
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TABLE 1
ANALYSES OF VARIANCE OF URINARY VOLUME, OSMOLARITY
AND CREATININE AT FINAL COLLEXJTION
Source of
Variation

df

Treatment

1

87

Rats within
Treatment
l
p

<

Volume

!!!in Sg:Y�re s

Osmolaritl

Creatinine

68. 91 1

17121 6 9 1

102 . 66 1

13 . 41

3190532

3 . 72

0 . 01 .

2 85 d f for Rats within Treatment .
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T.ABLt 6

INFLUENCE OF AGE, DIET AND RESTRICTION ON URINARY
VOLUME, OSMOLARITY AND CREATININE AT
FINAL COLLECTIONl
Volume

hr

Treatment

n

AY

12

8 . 23b

RY

12

A

11

7 . J8b
10 . J3b

R

12

AR

12

RA

12

AH

12

RH

12

SEM for
C olumn

m1L2!..

Osmolarity
mosmolesLliter

Creatinine

2570a
b
2032
174lb

14 . 12b

7 . 42b
b
9 . 7l
b
1'· 35
a
l4 . 25
b
10 . 57

208 7b
1 960b
2706a

+

-1 . 01

m&:2!..

hr

10 . 13b
1J . 25b
b
9 . 00
12 . 44b
12 . 64b

1 927b

18 . 80a

165lb

13 . 35b

!"163

+

-0 . 50

�eans in a column sharing a common superscript are not significantly different from each other (p > 0 . 05 ) using Duncan ' s Multiple
Range Test .
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and RA ( 2570 and 2 706 mosmoles/liter, respectively) than in the other
groups (Table 8 ) and tended to be lower for groups

RH

and A ( 1 651 and

1 741 mosmoles/liter, respectively) than for other groups .
As with urine volume , mean creatinine excretion only of group AH
( 18 . 8 0 mg) was significantly different (p
than other means (Table 8 ) .

a

significant (p

levels .

�

0 . 05)�-in this case higher-

Dietar,y restriction was associated with

lower urinar,y creatinine levels .
ahoy

<

The analyses of variance in Table 9

0 . 01) influence of body weight on creatinine

Therefore , when urinar,y c;reatinine was expressed in a ratio to

body weight (Table 10 ) much of the effect of restriction was removed.
The most obvious difference shown in Table 10 is a dietar,y one with the
MHD

ratio being consistently higher for groups fed
LB.

than for those eating

.Table 10 also shows a decrea sed creatinine/body weight ratio with

age

in most groups with decreases being most pronounced for gxoups A

and AH.

Creatinine excretion, e,;.en expressed as a ratio to body weight ,

increased markedly in group RA when these
stricted to ad libitum feeding.

animals

were switched from re

However, the drop in excretion of this

group between 15 and 21 months paralleled that for groups
The drop in urinar,y creatinine between 15 and
greater (p

<

21

months

A

was

and AH.
signif.icant.ly

0 . 05 ) for groups A , RA and AH than for groups RA and

RH

but

only the drop for group A was greater than that for R.
Urinar,y protein excretion was higher for ad libitum- fed than for
restricted

anima ls

as early as 3 months of

age

.

Urinary protein remained

relatively constant throughout life in restricted �ls eating either
LB

or

MHD

increa sed.

but increased dramatically as

age

of the ad libitUm- fed

anima ls

Figure 10 shows the patte:rn of excretion for the various
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TAl3LE

9

ANALYSES OF VARIANCE OF URINARY CREATININE AT

of
Variation

df

J mo

Treatment

5

102 . 68

Body

weight

1

Rat s within
Treatment

65

Source

1

p<

0 . 01 .

2 mo

Mean Sguares

12 mo

5

AGES

12

mo

21 mo

121. 91 1

181 . 96 1
113 . 291

78 . 68 1
116 . 411

173 . 5 91
59 . 08 1

125. 41 1
38 . 941

2 . 34

1 . �3

4. 55

3 . 00

3 . 12

1

65

TABLE 10
INFLUENCE

OF DIET AND RESTRICTION ON URINARY CREATININE/
BODY WEIGHT RATIO AT 5 AGES l
mg C reat inine/lOG g Body Wt/24 Hr

Treatment

3

n

9

mo

mo

12 mo

15 mo

2 . 56°
bc
2 . 77

2 . 80°

21 mo

De crease2
15 mo- 2 1 mo

Lab Blox
Ad libitum

24

A

12

AR

12

Restricted

) . 11°

2 . 8ob

24

R

12

RA

12

2 . 70°
0 . 46ab

2 . 67°

2 . JJ C
2 . 6 Jbc

b
J . l7a
b
J . 26a

2 . 69°
b
J . 25

2 . 45bc
bc
2 . 68

0 . 24bc

J . J5a
b
3 _ 3 0a

J . 72a
b
) . JO

a
J . 20
a
J . 22

0 . 5lab
-0 . 02 c

0 . 06°

2 . 58°

0. 5 7a

Modified
Human Die t

AH

12

J . 6 9a

RH

12

J . 6 Ja

SEM for

Column

+

-0 . 07

a
J . 74
b
J . 50
+

-0 . 06

+
-0
. 07

+

-0 . 06

:!o . o6

+

- 0 . 09

�ans in a co lumn sharing a common superscript are not significantly
different from each other (p > 0 . 05) using Duncan ' s MUltiple Range Test .
2Deore se is the mean of differences for individual rat s .
a
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feeding regimens from 3 to 21 months of age .

Urinary protein at 21

months was 4 1/2 time s as high as the 3 month level for ad libitum- fed
animals eating LB and 4 times as high for those eating MHD .

Protein ex-

cretions of groups AR and RA were similar to each other at 15 and 21 months
of age , and though slightly higher than for groups R and
lower than those for animals always eating ad libitum.

RH ,

In

were much

addition to

differences in means for protein excretion from 1 group to another, there
were differences in variances making it impossible to compare statist!-

.

cally the different populations .

Means , standard errors and ranges for

the 6 treatments for the final collection period are shown in .Table 11 .
As can be seen, there are very small ranges and standard errors for restricted animals and extremely large ones for old ad libitum-fed rats .
At 21 months , range s varied from the 9. 67-20 . 54

17 . 06-466 . 12
Rank

mg

of group

mg

of group R to the

AH.

correlations showed urinary protein to be positively and

significantly correlated ( r

=

0. 84; P < 0. 05) with scores for kidney

le sions observed microscopically in kidneys from animals of groups A
and

AH.

of age

None of the animals experiencing feed rest riction from 1 month

(RY, R, RA and RH) showed any

than glomerular thickening.-

microscopic abnormalities other

Only 1 rat ( 8 . .3%) of group A'! and 2 rats

(16. 6%) of group AR showed other changes .

Two of these were moderate

inflammat ion and 1 ( group AR) was metaplasia and calcium deposits of the
kidney pelvis , a condition which did not seem to affect proteinuria ,
while the occurrence of casts , chronic inflammat ion and cysts was quite
common

in

kidneys from rats of groups A and

AH.

In

the 2 ad libitum-fed

groups , 1� of animals received lesion scores of 2 ; 1� were scored 3 ;
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TAJ3LE 11
INFLUENCE OF DIET AND RESTRICTION ON URINARY
PROTEIN AT FINAL COLLECTION

T;v.tment

n

Protein

Low

Protein Range

High

mg/?4 hr

mg/?4 hr

mg/?4 hr

A

12

146 . 81 +- 28 . 92 1

14 - 33

342 . 62

R

12

13 . 54 ! 0 . 98

9. 67

20 . 54

AR

12

45. 00 .+- 11. 77

15. 04

144. 74

RA

12

+
37 . 10 ;.. 8 . 19

14 - 40

89 . 91

AH

12

+
117 . 82 - 39 - 36

17 . 06

466 . 12

RH

12

+
15. 87 - 1 . 27

8 . 94

23. 50

�an !

SEN.
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12% were scored

4;

and 12%, scored 5 .

The lesion scores did not account

for all the differences in prote� excretion since the urinary proteins
for animals receiving scores of 1 were different in both means and vari
ances in ad libitum-fed animals eating either diet when compared with
animals restrfcted throughout life reoeiving the same lesion score

(Table

12 ) .
:Blood �a nitrogen

.(:BUN)

level at sacrifice (Tables 13 ,

significantly (p < 0 . 05 ) lower for t�
RH, 12. 7

mg)

2

groups eating MBD

(AH,

14)

was

12 . 0

mg;

t han for those eating LB and tended t o be higher for animals

of group A _

( 26 . 7 mg)

16 . 2

None of the se:rum creatinine values were significantly dif

mg) .

than for other groups eating the same. diet (average ,

ferent from each other.

(R,

RA and

AR)

However, values for old restricted ra�s fed LB

tended .to be lower than for ot_her groups .

Analyses of variance for kidney weight s and percent protein are
shown in Table 15 and means are shown in Table 16 .

Total kidney weight

was grea�ly influenced by restri�tion with the smaller kidneys coming

from rat e of groupe

RY, R

and RH

(RY, 2 . 172 ;

�' 2 . 373 ; �d RH, 2 . 579 g)

.Kidneya from groups AR ( 3 . 068 g) and RA (3 . 013 · g)

were

•

not signific�tly

di fferent from each �ther· rior was the difference between weights of
kidneys froJQ �ups AH (4. 167 g) and· A (3 . 700 g) s_ignificant .

When total

kidney weight was expre ssed as percent of body weight , restriction di f
ferences became les s apparent and age differences more so with kidneys ·
from old ad libitum- fed rats being a significantly (p < 0 . 05 ) higher
perce�tage o f total body weight than were kidneys from younger animal s .
Total· kidney weights expressed as percentages of' ' bo� weights of old
restricted a.tlima.ls (R� : AR, . RA.,

RH)

weJ-e . not ·siSnifi·cuta.y- diffe re nt
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TABLE l2
PROTEIN EXCRETION VALUES BY TREATMENT
:FUR RATS WITH :WWEST LESION SCORE

MEAN

Protein
mg/24 hr

Protein R.a.zure

Low

Treatment

n

AY

11

+
39 . 64 -

RY

12

+
13 . 69 - 0 . 99

mg/24

8 . 22

1

High

hr

mg/24

hr

8 . 14

85 . 22

10 . 20

20 . 8 3

.

A

4

56 . 24 +- 16 . 40

14 . 33

93 . 15

R

12

13 . 54 +- 0. 98

9 . 67

20 . 54

AR

10

+
3 6 . 96 -

9 . 04

15 . 04

109 . 26

RA

12

37 . 10 -

+

8 . 20

14- 44

89 . 91

AH

6

50 . 54 :t 13 . 03

17 . 06

104. 3 1

RH

12

+
15 . 87 - 1 . 27

8 . 94

23 . 5 0

�an ! SEM.
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TABLE 1 3
ANALYSES

OF

Source of

VARIANCE

OF BLOOD

Creatinine
Mean Square

PARAMETERS
Blood

Variation

d!

Treatment

7

7 . 002 1

5

87

) . 1 35

65

Rat s within

Treatment

�ot
2p

significant .

< 0 . 01 .

df

Urea

Nit rogen
Mean Sauare

�6 . 24
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TABLE 14
INFLUENCE OF AGE, DIET AND RESTRICTION ON LEVELS OF BLOOD
UREA NITROGEN AND SERUM CREAT ININEl

Treatment

n

AY

12

RY

12

A

11

R

12

AR

12

RA

12

AH

12

RH

12

SEM for
Column

Blood Urea
Nitrogen
mg/100 m1

Serum
Creatinine
pg/ml
a
J . 64
4. 79a

2 6 . 7a
17 . 1a

J . Boa

1.5. 1a
a
6 .5
1

•

12 . 0b
b
12 . 7
+

-2 . 0

2 . 97a
2 . 76a
2 . 8.5a
3 . 97a
4. ,5la
+

-0 . ,52

�ans in a column sharing a common superscript are not sig
nificantly different from each other (p > 0 , 0,5) using Duncan ' s Multiple
Range Test .
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TABLE 15

ANALYSES OF VARIANCE OF TOTAL KIDNEY WEIGHT , PERCENT
PROTEIN AND TOTAL KIDNEY WEIGHT/BODY WEIGHT RATIO ·

Source of
Variation

df

Treatment

1

Rats within
Treatment
1p
2

<

82
0 . 01.

p < 0 . 06 .

Kidney

wt

0 . 24

M'eaig. Squares
Percent
Protem

0. 91

Kidney wt/
:Bod.y wt
0 . 00000122
0 . 0000006
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T.A13LE 1 6
INFLUENCE OF AGE , DIEJ.r AND RESTRICTION ON KIDNEY WEIGHT ,
PERCENT PROTEIN AND RATIO OF TOTAL KIDNEY WEIGHT/
100 � BODY WEIGHTl
Total Kidney wt
(Right + Left )

Treatment
AY

12

RY

12

A

11

R

12

AR

12

RA

12

AH

12

RH

12

SEM for
Column

g,

n

Protein
Percent

2 9 99bc
2 . 17 2 c
3 . 700a

12 . 6bc
b
13 • 3a
12 . 3 c

d
2 . 373
b
3 . 06 8
3 . 013bc
4 . 1 6 7a
cd
2 . 57 9

13 . 8

.•

+

-0 . 140

Total Kidney wt/
100 g, Bod.! wt
0 . 5 8b
0 . 5 7b
0 . 6 7a
o . 64ab
0 . 64ab

a

13 . 2ab
a
13 . 6
c
12 . l
a
13 . 8
+

-0. 3

0 . 6 lab
0 . 6 8a
o . 64ab
+

-0. 02

�ana in a column sharing a common superscript are not significantly different from each other (p > 0 . 05 ) using Duncan ' s Multiple
Range Test .
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from those of either young rats or old ad libitum- fed animals .

Kidney

protein expressed as a percentage of kidney wet weight from rats re
stricted at any time and fed either diet was significantly ( p

<

0 . 05)

higher than that of kidneys from old rats fed either diet ad libitum.
The analyses of variance for PAH transport are shown in Table
17 , and the mean values are in Table 18 .

PAH transport ( expressed as

pg PAH/mg kidney protein ) was significantly

( p < 0 . 05 ) higher by kidney

slices from young ad libitum-fed rats ( 1 . 03 1 ) than by kidney slices
from old ad libitum- fed ones eating LB (0 . 5 98 ) but not significantly
higher than for old animals that had been restricted at any time ( R,
0. 87 3 ; AR, 0. 868 ;

RA ,

0. 907 ) .

Transport by kidney slices from young

restricted rats tended to be higher than that by young ad libitum- fed rats
and was significantly higher ( p < 0 . 05) than that by slices from old ad

PAH transport by kidney slices from restricted

libitum- fed animals.
animals eating

MBD

(1. 181) was significantly higher ( p < 0. 05 ) than

that by ad libitum- fed rats of the same age eating LB (0. 598 ) or the
same diet (0. 882 ) .

Transport tended to be higher by kidney slices

from animals eating MHD ad libitum than by those from rats comparably
treated but eating LB.
The same general pattern was observed when total renal transport
of PAH per 100 g body weight was calculated ( called total PAH).
striction differences became more apparent , and
ences , slightly less so ( see Table 18 ) .
ficantly lower ( p

<

age

Re

and diet differ

Total PAH transport was signi

0 . 05 ) by kidneys from animals of group A ( 0 . 470 )

than for those of either age or eating either diet which had been re
stricted at

a:ny

time ( RY, R, AR, RA, RH) .

Total PAH transport was
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TABLE 17
ANALYSE5

df

Treatment

7

Treatment
1
P < 0 . 01 .

VARIANCE

OF PAH TRANSPORT

Mean

Source of
Variation

Rats within

OF

83

PAR/Protein

0 . 1012

Squares

PAH/
:Bo(ly Wt

Total

0 . :06 24
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TA13LE

18

INFLUENCE OF AGE, DIET AND RESTRICTION ON
TRANSPORT BY KIDNEY SLICES l
PAH

Treatment

n

AY

12

RY

12

A

10

R

11

AR

12

RA

12

AH

10

RH

11

SEM for
Column

ps/mg Protein

PAH

Total

pg/100

1 . 03labc
1 . 240a

+

PAH

Bo�y
0 . 752bc
g

0 . 936ab
0 . 470d

0 . 598d
cd
o . 873
0 . 868 cd

0 . 781bc
0. 736bc

0 . 907 c
cd
o. 882
1 . 18lab

0 . 753bc
cd
o. 688
1 . 090a

- 0 . 093

Wt

+

-0 . 072

�ans in a column sharing a common gQperscript are not signifi
cantly different from each other {p > 0 . 05 ) using Duncan ' s MUltiple
Range Test .
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significantly higher ( p < 0 . 05) by kidneys from rats of group

RH

( 1 . 090)

than by those from any other group except RY ( 0. 936) , and total transport
tended to be better by kidneys from rats eating MHD ad libitum than by
those comparably fed LB.
Na-K-ATPa se activities ( expressed as percents of total ATPase
activities ) in kidney micro somes of the various groups were not signifi
cantly different from each other.

However, the percentage of Na-K-ATPase

activity tended to be higher in young than

in

old ad libitum-fed animals

(24% compared with 1�) and tended to be lower in animals eating MHD
(16%) than in those comparably fed LB.

There was a slight tendency

toward a higher percentage Na-K-�ase activity
animals (22%) than

in

in

old restricted

ad libitum-fed ones ( 18%) eating LB.

CHA.PrER

V

DISCUSSION
The levels of feed restriction employed in thi s study were simi
lar to those used by .Berg and Simms {17 , 18) and Nolen {11 ) in studies with
rats and followed the same feeding pattern described by Halai {23 ) for
re striction of mice .

Levels of restriction were le ss severe than those

generally employed by Ross ( 12 , 1 3 , 14) or Barrows and coworkers {20 , 21 , 22) .
The intermittent type restriction used in this study permitted some vari
ation in intake depending on individual di fference s in appetite--which
might be assumed to be related to need for food.

This type restriction

also allowed all rats within a cage to eat as much as they wanted within
the allotted time period rather than permitting dominant rats within a
cage to eat more than their share thus further restricting the less
dominant animals .

In the present study, rats restricted after 12 months

of age had greater feed intakes than did those of the same age restricted
from 1 month since the animals which had previously been fed ad libitum
had larger stomach capacities and could eat a larger amount in the length
of time feed was available to them.
It is important to note that the type and levels of re striction
employed in this study were not severe enough to cause a high mortality
rate during the first year such as described by Widdowson and coworkers

( 7 ) nor did restriction of the 12-month-old animals put such a stress on
the system as to cause a high death rate in this group such as was re
ported by Ross {12 ) when he restricted mature rats to
g per day.

In

an

intake of 6- 8

fact , none of the 50 animals restricted from 1 month of

19
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age died before

23

months , and only

1 (2.%)

died a natural death between

then and the conclusion of the study when rat·s were

25

months of age

.

Only 1 rat

(4%)

of group A died before the conclusion of the study, and

2

rat s

(�)

although
between
and

23

2 (7%)

and

25

of group AH died, both of these deaths occurred

months of age

Deaths in group

.

AR

and RA were

4 (13%)

respect ively , and seemed to be totally unre lated to switching

from ad libitum to re stricted feeding or vice versa.
Although it is impossible to know certainly based on the data
from this study, it seems reasonable to suppose that weight gains of ad
libitum-fed animal s after
o f adipo se tissue .

1

year of age were due primarily to deposits

This hypothe sis is supported by comparison of growth

curves based on actual body weight s to

1

year and projected for the

second year of life with actual mean body weights for the second year.
The actual mean body weight s for ad libitum-fed animals fell considerably
above the curve while those for re st ricted animals fell directly on the
curve .

It might be further hypothe sized that the lo ss of body weight

after restriction was initiated at

12

months of age

( group AR)

was due

primarily to loss of adipo se tissue and that such restriction, which
might be considered only a "weight control" measure , has beneficial
e ffect s in retarding the development of kidney lesions and delaying the
deterioration o f kidney function.
tions by other investigators

This is contrary to previous sugges

( 12 , 21)

that if re strictio� is to have any

beneficial effect·s it must be begun in early life .
Although growth rate

(k )

did not correlate significantly with

kidney function of animals within any individual treatment group , there
� slower growth rate s and also , in general , healthier kidneys in
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restricted than in ad libitum- fed rats eating LB.

That the 2 conditions

might be related is further indicated by the slower growth rate of animals
eating

MBD

ad libitum compared with that of similarly treated animals

eating LB, a situation accompanied by a decided tendency toward better
kidney transport of

PAH

and lower incidence of lesions , as indicated by

both lesion score and degree of proteinuria.
Another possible explanation for the tendency toward better kidney
function for animals eating MED compared with those eating LB is a dif
ference in protein intake .

Although percent protein in the diets was

very similar ( 24. 5% for LB and 21. 5% for MHO) caloric value was quite
different (2: 75 calories/g for LB and U�ll calories/g for MIID ) .

The lower

feed intake ( g/day ) for groups eating MHD resulted in protein intakes
30- 6 0% �gher for LB groups than for animals similarly fed MHD .

For

exam�le , at 10 weeks of age animals fed LB ad libitum were eating 120 g/
day/cage of 5 rats while a comparable figure for rats fed MHD was 97 g
which gave them protein intake s of 29 . 4 and 20 . 9 gjday/ca.ge of 5 rats ,
respectively.

The caloric level of MHD was similar to the level recom

mended by the National Research Council ( 6 1) for growing rats , and the
protein percentage was considerably higher (21 . 5% compared with 13 . 3%) .
Since protein intake was higher still for rats eating LB ad libitum,
and since high protein intake has been reported to be detrimental to
kidney fUnction (77) , the high protein consumption of LB groups might
have been related to the renal damage observedo . It is also possible
that the elevated protein intakes of groups eating

LB

ad libitum might

have been responsible for the accelerated growth in these animals as in
dicated by their higher k values as compared to those of group

AH.
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1

The absence in rat s re stricted from

month of age of kidney lesions

which could be identified microscopically agrees with the work of Berg

(18 ) .

and Simms

However, they reported a

747

unxe stricted

male rats at

4

fed LB ad libitum and

rats

(3.3%)

6

rat s

( other

pos sibly a small number of casts

)

1

rat

( 8%)

be fore restriction was begun

incidence of lesions in

days , while in the present study there were

did not have detectable lesions

noteworthy that only

100%

(50%)

fed MHD ad libitum which

than glomerular thickening and

by approximately the same age .

in the group fed ad libitum to

(AR)

12

It is
months

showed evidence of inflammat ion , and

this was only mode rate .
Since there were treatment di fference s in proteinuria even when
value s from rat s receiving lesion scores of

1

were compared ,

it seems

that quantitative deter.mination of urinary protein must detect renal
lesions be fore they can be easily identified and quantified by micro
scopic examination of kidney tissue .

There are factors pre sent which

influence lesion score and not urinary protein levels
deposits of kidney pelvis were scored

2

(i . e . ,

calcium

but did not influence protein

)

excretion , but obviously the measurement s are highly related as indi
cated by their correlation coe fficient

(r

=

0. 84) .

There fore it seems

that urinary protein level , which can be easily deter.mined without
having to sacrifice the animal ,
lesions in the rat .

The increased proteinuria with age is consistent

with both the work of Everitt

(46 ) .

can be used as an indication of renal

(45)

and that of Beauchene and coworkers

However, it should be noted that dietary manipulation altered

/

the occurrence and or severity of le sions thus seeming to slow the rate
of the kidney aging proce ss .

·

83

Although in the present study a significant age-associated increase
in urine volume was shown only for group AH, a tendency toward an increase
in this parameter with age was seen for old ad libitum- fed animals eating
LB .

The tendency toward lower urine volume for restricted than for ad

libitum- fed animals at 21 months of age might therefore be considered a
beneficial effect of restriction.

The increase in urine volume reported

by Everitt ( 44 ) occurred between 750 and 953 days .

Since no collections

in the present study were obtained from animals as old as 750 days , this
probably explains why some of the present increases in urine volume did
not obtain significance .
The high osmolarity of urine from young ad libitum- fed rats com
pared with values for older animals is conaistent with the findings of
Dicker. and

Nunn

creased with

.{4.3 ) that concentrating ability of the kidneys de

age .

The high osmolarity o f urine from group RA would

appear to indicate a beneficial effect of dietar,y treatment on this
parameter.

Probably the long periods of time between feeding in the

type restriction used in the present investigation is related to the
failure of other restricted rats (RY, R, AR and RH) to show beneficial
change in osmolarity.

For example , with feed restriction and its con

sequential reduction in solute load, there was perhaps less need for
production of a concentrated urine .

Thus osmolarity may have reflected

feeding pattern rather than kidney function for these groups .

Based on

findings with group RA, it is possible that if other restricted animals
were fed on an ad libitum basis for a short time , they too might show
a higher urinar,y osmolarity, a condition more consistent with the other
indications of relatively good kidney function by animals of these �ups.
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The finding: of a decreased transport of PAH by kidney slices from
ad libitum- fed old rats as compared with younger animal s fed the same diet
is in agreement with findings by Adams and Barrows
al .

(37) .

(36) and Beauchene et

The improved transport by kidneys from rats re stricted for �

of the time intervals used in the present inve stigation is another indi�
cation that restriction has contributed to making the se animals more like
chronologically younger one s .

The fact that restriction beginning at 12

months of age resulted in slightly better PAH t rans port
as

( when

expressed

PAB/mg protein ) than that by kidneys from rat s re stricted from 1 month

seems especially important since it indicates that "weight control" in
an adult can be beneficial in delaying kidney change s which would other
wise occur with age .
rat s fed

MHD

The improved PAH transport by kidney slices from

as ·c ompared with those comparably fed

LB may again relate

to the adverse effects of high intake s of dietary protein.

Since pe r

cent protein was higher in kidneys of restricted than of ad libitum- fed
rat s , it follows that expressing PAH on a wet-weight basis of renal
tissue , as reported by other investigators

(36 , 37) , would have shown

even greater differences than were reported here where value s were based
on renal tissue protein.
As might be expected , kidneys were larger in ad libitum-fed than
restricted animal s .

However, mo st of the se differences were removed

when kidney weight was expre ssed as a percent of body weight .
agree s with the report by Lee and Lucia

This

(78 ) that restriction does not

change the kidney weight /b ody weight ratio of young rat s .

The slightly

higher ratios for groups fed ad libitum throughout life could be related
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to some renal hypertrophy or even to fluid retention by the kidneys as
their function began to deteriorate .
The pre sent study tailed to confirm the correlation between Na-K
ATPase activity and PAH transport which was reported by Beauchene et al .

(37) .

However, there was a tendency toward decreased activity of the

enzyme with age which was reported by the earlier study.

The tendency

toward a lower level of Na.-K-ATPase activity of microsomes accompanied
by a higher level of PAH transport by kidney slices from rat s fed MHD
seems to support the idea suggested by Hendler et al .
Whittembury

(53) and by

(54) that a second transport mechanism, one which is

Na-K-ATPase independent , also may be ope rating.
Value s for urinar,r and serUm creatinine and for BUN seemed to be
more diet- than restrictio�related.
eating

BUN tended to be higher for rat s

LB ad libitum than for any other group , a finding consistent with

the poor kidney function evidenced by low PAH t ransport by kidneys from
this group .

The low BUN and high PAH transport by animals eating MHO

are both consistent with the high level of kidney function observed in
these animals .

The diet- related difference in serum creatinine would

not seem to be an indication of retention rather than excretion of
creatinine by groups eating �-e specially since these gxoups also
had higher levels of urinar,r creatinine than comparably fed

LB groups .

The high serum and urinar.y creatinine . levels associated with MHD would
seem to indicate a di fference in dietar,r intake of creatinine or a differ
ence in metabolism, possj.bly increased . creatinine . synthe�is ; or·. animals
fed this diet.

The decreased urinar,r creatinine between the age s of

15 and 21 months for ad libitum-fed rat s eating either die� is consistent
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with the findings of Everitt (45) .

The smaller change in urinary creatinine

of restricted rats between these ages seems to be another indication of
beneficial effects of restriction.

Serum creatinine values did not seem

to relate to other measures of kidney function except in cases of severely
impaired kidney function ( as 'indicated by such factors as extremely ele
vated BUN and extremely low PAH transport ) in which cases creatinine
levels were also abnormal ( high ) .
It can be concluded that feed restriction during either the first ,
the second or both years of the life of a rat was beneficial in delaying
age associated changes in kidney function as measured by PAH transport ,
proteinuria and kidney lesions .

BUN levels and serum and urinary

creatinine levels also tended to b e influenced favorably by restriction.
Most parameters were modified by diet as well as by restriction with
kidney performance being generally improved in animals eating
compared with those comparably fed

LB .

MHD

as

CHAPTER

VI

SUMMARY
Kidney function of 12- and 24-month- old male rats fed ad libitum
either a commercial feed (LB) or a modified human diet (MHD ) was compared
with that of rats of the same age and eating the same diet but on a re
stricted basis .

When restriction was used, it was continued for one

of the following intervals :

1 month to 24 months , 12 months to 24 months ,

or 1 month to 12 months of age .

Restriction was accomplished by making
feed available to animals for only 15 · out of each 48 hours after a

1-month adaptation period.
Bo� weights , growth curve parameters and feed intakes were sig
nificantly lower for restricted than for ad libitum- fed rats eating
either diet with the single exception that growth rate (k) was not dif
ferent between animals eating the modified human diet on an ad libitum
and on a restricted basis .

Bo� weights for restricted animals 12- 24

months of age fell directly on growth curves extrapolated from those
calculated using bo� weights for the first year.

However bo� weights

for 12-24 month-old ad libitum- fed animals fell above their extrapolated
curves indicating an accumulation of adipose tissue during the second
year in these animals .
Urinar.y data from collections obtained at 3 , 9 , 12 , 15 and 21
months of age showed an increased volume with increasing age of rats
only for ad libitum-fed animals eating the modified human diet .

Urine

volume for this group was significantly higher at 21 months than those
for other rats of the same age ,

Volumes for 21-month-old restricted
87
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animals eating modified human diet and for ad libitum- fed rat s of the same

/

age eating commercial feed tended to be higher than for younger and or

re stricted rat s eating LB .

Urine osmolarity for the final collection

period was highe st for animals eating LB on a re stricted basis the first
year and ad libitum the second.

Osmolarity also was significantly higher

for 12-mont�old ad libitum- fed rat s than for older animals .
Urinary creatinine levels increased with increasing body weights
and were significantly higher for groups eating MHD than for those eating
LB .

There was a greater reduction with age in creatinine excretion

{ expressed

as a ratio to body weight ) for rats fed ad libitum either from

12 months or throughout the study than for tho se that were restricted
throughout or during the second year.
Protein excretion was much higher and the variance was much
greater for ad libitum- fed than for restricted groups with differences
becoming more pronounced as the age of the animals increased .

Urinary

proteins for groups restricted for either the first or the second year
only were similar to each other and much lower than for ad libitum-fed
groups .

The incidence and severity of microscopic kidney lesions were

correlated positively with protein excretion of individual animals of
ad libitum- fed groups , but there were treatment di fferences in urinary
protein of restricted animals which could not be accounted.for by micro
scopic observation,
Blood urea nitrogen

(BUN)

value s were significantly lower for

groups eating MEID than for those eating LB, and

BUN

tended to be higher

for ad libitum-fed animals eating LB than for those animals eating a
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restricted level of the same diet .

However serum creatinine levels tended

to be higher for groups fed MHO than for those eating

LB .

Transport of PAR by kidney slices was higher for young than for old
animals eating LB ad libitum, but was not significantly different when
young ad libitum-fed rats were compared with old animals that had been
restricted at a:ny of the time intervals employed in the study.

There was

a tendency for transport of PAR to be higher by kidneys from rats eating
MHO than by those comparably fed and of the same age . .eating

LB .

Total

PAH transport calculated on the basis of total kidney protein and
divided by body weight was higher by kidneys from rat s re stricted at
a:ny time during their lives than by tho se which were ad libitum- fed.
Activity of Na-K�ATPase ( expressed as a percent of total ATPase
activity ) was not significantly different when the different groups were
compared.

However, there was a tendency for activity to be higher for

young than for old rats and lower for those groups eating MHD than for
one s eating

LB .

In general , the hypothe ses were supported and kidney function, as
measured by the tests of this study, was better in restricted than in ad
libitum-fed animals .

Some parameters were modified more by diet than by

restriction with kidney perfo �ce being, in most case s , at a higher
level in animals eating MHD as compared with those comparably fed

LB.

Differences in kidney function among treatment groups may hav e been re
lated to growth rates as well as intakes of calories and/or protein.
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